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Abstract 
Human performance is a broad research domain with both direct and translational 
applications to a wide array of medical and occupational fields. Study of elite performance, 
specifically, allows us to discover the extent and limits of human capability and its response 
to dysfunction. Investigation of elite performance has typically focussed on populations of 
sport athletes, however has recently expanded to include instrumental musicians based on 
emerging evidence highlighting the similar physical demands of athletes and instrumental 
musicians. Various intervention strategies are often employed to enhance performances and 
prevent injuries in instrumental musicians, yet quality scientific evidence regarding the 
efficacy of such strategies is especially scarce in this population. Accordingly, this thesis was 
designed to address knowledge gaps regarding three domains related to performance 
enhancement and injury prevention in elite performance populations, with particular attention 
given to domains most likely to provide practical benefits for instrumentalists: warm-up, 
pain, and fatigue. 
Investigation of warm-up strategies began with a systematic review of upper body warm-ups 
(Chapter 2), with the initial goal of using this review to provide a basis for a novel 
randomised controlled trial investigation of warm-up in elite violinists. The review revealed 
that no evidence exists to support any warm-up strategies for either performance 
enhancement in submaximal activities or injury prevention, despite widespread advocacy for 
the benefits of warm-up in populations of submaximal athletes such as instrumental 
musicians. High load dynamic warm-ups were shown to improve maximal strength and 
power performance only. Thus, with no clear ‘gold standard’ warm-up, an investigation of 
warm-up on muscle activity, musical performance, and perceived exertion in elite violinists 
was designed using a range of warm-up strategies: instrument-specific, muscular, and 
cardiovascular (Chapter 3). The results of this trial were consistent with findings of the upper 
body warm-up systematic review—none of the investigated warm-ups significantly impacted 
muscle activity or musical performance. All three investigated warm-ups, however, resulted 
in an acute decrease in perceived exertion compared to a control group. 
Epidemiological literature has revealed that an extremely large proportion of musicians—
often reported to be >80%--experience pain or other physical symptoms over the course of 
their careers. Less clear, however, is the acute impact of continued playing with these 
physical symptoms on the musicians’ technique and biomechanics. A cross-sectional analysis 
of EMG data collected during the warm-up RCT (Chapter 3) was undertaken to investigate 
the impact of pain and other physical symptoms (e.g. cramps, tingling, numbness) on muscle 
activity levels in elite violinists. The results suggested that proximal and distal right arm 
symptoms may be the cause or be the result of differential bowing mechanics (Chapter 4). 
Finally, effective fatigue management permits consistent achievement of peak performance 
with minimal injury risk, yet our ability to manage acute fatigue is limited by an inability to 
reliably predict its onset. Further, acute fatigue has only been sparselent investigated in elite 
performance populations. To address this gap, a meta-analysis of available electromyographic 
(EMG) and demographic data from studies investigating fatigue protocols in healthy 
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populations was conducted (Chapter 5). This meta-analysis yields the first comprehensive, 
data-driven predictive model for muscle fatigue; this model takes into account age, sex, 
muscle fibre type, contraction force, and initial EMG amplitude and provides an evidence-
based foundation for fatigue management programmes in elite performance populations. 
Further, a novel and robust univariate relationship between EMG change rate and time to task 
failure during fatiguing contractions was discovered.   
In addressing knowledge gaps regarding the impact of warm-up, pain, and fatigue on 
muscular and/or musical performance, this thesis has raised further questions regarding 
warm-up efficacy, proposed differential mechanisms for biomechanical responses to 
proximal and distal physical symptoms, and presented a comprehensive framework for 
muscle fatigue prediction. In addition to providing a basis for future research, these findings 
will immediately benefit elite performers, musician and athlete, and will also have 
translational benefits to occupational and rehabilitative domains. 
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‘Human performance’ encompasses broad yet critical research including a spectrum 
of medical and occupational domains—the foundation of medicine is the diagnosis, treatment, 
and prevention of some type of performance deficit, while one’s social and economic 
prosperity is commonly a correlate of performance. The study of elite performance, 
specifically, enhances our ability to identify the mechanisms of deviations from peak 
performance and apply this knowledge to better understand the limits of human capability, 
not only in performance-based professional populations, but with potential applications to 
dysfunction in other fields of medicine including management of chronic disease and 
rehabilitation of injuries. Elite performance research has typically focussed on sport athletes; 
however, the subject pool has recently expanded to include elite instrumental musicians as a 
result of research identifying instrumentalists as submaximal athletes.1 For clarity, ‘elite 
musicians’ were defined in the studies of this thesis as musicians with at least 10 years 
experience, in accordance with published theories regarding expertise.2 
Epidemiological research has demonstrated that instrumental musicians are a 
particularly at-risk, yet underserved class of submaximal athlete; career injury incidence of 
professional musicians has been reported as high as 89.5%3 but adequate medical attention is 
rare, both in terms of treatment and rehabilitation and implementation of injury prevention 
and peak performance strategies. This gap in availability of medical and performance support 
for instrumentalists has been recently recognised by the American College of Sports 
Medicine’s ‘Athletes and the Arts’ initiative (launched in 2013). However, given the funding 
shortfalls experienced by many orchestras world-wide and the large numbers of musicians 
operating as independent contractors, it is likely that instrumental musicians will remain 
responsible for their own health and performance for the foreseeable future.  
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Technical background—EMG and violin performance 
 EMG is a system of measurement which detects electrical activity in the muscle using 
electrodes and a computer interface. Muscle contractions occur following the propagation of 
action potentials (voltage changes in the cell membrane) from motor neurons into muscle 
cells; EMG electrodes detect the sum of these action potentials within a certain area. Simply, 
the greater the amplitude of the EMG signal, the greater the activity of the muscle cells 
underlying and/or surrounding the recording electrodes. Additionally, in applications 
involving muscle fatigue, the frequency of the EMG signal is typically analysed, as it is a 
known correlate of fatigue.4 Two types of electrodes can be used for recording: intramuscular 
and surface. Intramuscular electrodes allow researchers and clinicians to obtain data from a 
specific muscle or motor unit with increased specificity and confidence, although the 
procedure for insertion of these electrodes is invasive (electrodes are injected into the muscle 
with the guide of ultrasound imagery) and requires specialised personnel. Surface electrodes, 
on the other hand, are non-invasive and can be applied by a range of knowledgeable 
personnel, although a degree of specificity is sacrificed. That said, data can still be reliably 
collected using surface electrodes from a range of shallow-lying muscles using resources 
developed by the Surface Electromyography for the Non-Invasive Assessment of Muscles 
(SENIAM) project5 and leading EMG texts.6  
 EMG has been previously used to successfully evaluate elite instrumental music 
performance in a variety of research, rehearsal, and performance settings.7-10 Violinists have 
been frequently specifically targeted for EMG study due to a couple unique performance 
factors which minimise confounding variables and facilitate scientific investigations:  
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Figure 1. Standard violin set-up 
1) Standardised instrumental set up – aside from a few exceptions, violinists all 
perform with a similar set-up. The violin sits in between the chin and anterior left 
shoulder, with the left forearm supinated such that the second finger of the left 
hand can be placed most distally on the fingerboard of the instrument, with fingers 
3-5 located more proximally (Figure 1). The fingers of the left hand apply pressure 
at appropriate points of the violin’s 4 strings to produce various pitches or ‘notes.’ 
Left elbow flexion and extension occurs over a small range of motion to move the 
left hand into appropriate positions and expressive left shoulder movements may 
also occur, but the left arm remains relatively static during violin performance. 
The right arm, on the other hand, controls the bowing movement with dynamic 
elbow flexion and extension, shoulder flexion and extension, and shoulder 
abduction and adduction. Unlike many other instruments, there is minimal 
variation in ‘handedness’ in violinists to facilitate uniform bowing in orchestral 
settings; a violinist who bows with the left hand is liable to interfere and collide 
with the bow of right handed violinists in tight orchestral spaces. Both the 
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elimination of the ‘handedness’ variable and the occurrence of dynamic 
movements in the right arm only make violin performance ideal for scientific 
inquiry using EMG. 
2) Use of large surface muscles in the bowing action – The muscles predominantly 
involved in the bowing action are large surface muscles that can be easily and 
reliably captured using surface EMG. Further, while EMG amplitudes are 
typically low during violin performance, prior research has demonstrated that 
EMG is a valid technique for the detection of changes in muscle activation in 
response to pain and biomechanical interventions.7,8,11  
 
Accordingly, using surface EMG investigations in elite violinists as a focal point, this 
thesis was undertaken to address evidence gaps regarding domains related to injury 
prevention and performance enhancement in elite performance populations, with particular 
attention given to those likely to provide the greatest practical benefit to instrumental 
musicians.  
The first such domain is warm-up. While no data exist regarding the incidence of 
warm-up in instrumental musicians, a reference to warm-up as the “current norm” in a 
performing arts medical article regarding injury prevention strategies indicates warm-up’s 
pervasiveness.12 Further, warm-up is advocated for performance enhancement in pedagogical 
texts.13,14 This pervasive practice, however, has yet to demonstrate proven efficacy for either 
performance enhancement or injury prevention in instrumentalists, as zero investigations of 
warm-up exist in this population. Further, no review establishing ‘best practice’ warm-ups for 
the upper body in a general elite performance population exists to provide insight regarding 
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effective warm-up strategies with possible translational applications to instrumentalists. This 
thesis addresses both of these knowledge gaps in Chapters 2 and 3.  
The second domain selected for investigation in this thesis is pain management. As 
previously noted, almost 90% of instrumentalists present with pain and other playing related 
musculoskeletal disorders (PRMDs), with a large proportion of musicians electing to continue 
playing with these PRMDs.15 Given this, knowledge of the aetiology of biomechanical 
changes occurring with presentation of PRMDs is necessary to understand the effects of 
continued playing and, subsequently, manage further injury risk while optimising 
performance, yet few data exist. Chapter 4 addresses this knowledge gap.   
The third and final focus of this thesis is fatigue. Despite aforementioned evidence 
noting the similar physical demands of athletes and instrumental musicians, rehearsal and 
performance schedules for instrumentalists are typically constructed without any 
consideration to the physical demands of the repertoire. In sport, periodisation is used to vary 
the intensity, duration, and frequency of physical loading to facilitate continued performance 
growth without excessive fatigue that places athletes at increased injury risk.16 In musical 
settings, such periodization is not documented in the literature. As personal examples, during 
my time as a professional musician, it was not uncommon for rehearsal time to increase by up 
to 400% just prior to the opening performance of a new show; in an extreme case, a contract 
job required participation in 12 consecutive 10-14 hour rehearsal days involving both music 
and choreography. As context, recent research into the acute : chronic workload ratio in elite 
athletes suggests that a 50% increase in weekly physical workload results in significant injury 
risk.17 While the focus of rehearsals and performances will always be artistic achievement, 
high injury rates in instrumentalists suggest that a more long-term view of ‘artistic 
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achievement’ is prudent—a musician who is physically unable to play can no longer create 
art and a fatigued musician cannot achieve peak performance. Accordingly, smarter rehearsal 
and performance programming that minimises risk of overtraining and injury by managing 
fatigue is necessary, yet no definitive data regarding acute fatigue rates exist. Chapter 5 
addresses this evidence gap. 
To investigate each of these three domains affecting performance enhancement and 
injury prevention in instrumentalists, electromyography (EMG) was used to quantify changes 
in muscle activation resulting from warm-up, pain, and fatigue; further background regarding 
EMG is located below under the ‘Technical Background’ heading. Clinical investigations 
(Chapters 3 & 4) specifically focussed on violinists because of the relatively larger pool of 
eligible subjects (violinists comprise the largest proportion of most orchestras) and relative 
ease of EMG investigation; an introduction to violin technique is located below under the 
‘Technical Background’ heading. Two systematic reviews (Chapters 2 & 5) provide 
syntheses of data from general and elite performance populations to provide foundational 
knowledge to inform future investigation in instrumentalists. Additionally, further relevant 
background information specific to each of the three investigated performance 
enhancement/injury prevention strategies is detailed below. 
Warm-up 
Warm-up is a broad category of preparatory activities performed before a task, 
ranging from activities involving no movement (e.g. static stretching and psychological 
warm-up) to routines featuring dynamic movements specific to the task to be performed.  
These preparatory activities have been advocated for injury prevention and performance 
enhancement by leading texts in both sports22 and performing arts medicine,23 however their 
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efficacy is still the subject of much debate. Current warm-up literature reveals a mixed body 
of evidence both regarding the comparative effectiveness of various warm-up modes, as well 
as the individual utility of each individual mode. For example, static stretching, the most 
frequently reviewed warm-up mode, has been found to have negative or insignificant effects 
on performance,24-27 while dynamic stretching has been found to have both positive and 
insignificant effects on performance.24,25,27 Similarly, reviews of warm-up protocols 
chronically administered to reduce injury risk reported that warm-up reduced lower extremity 
injury incidence in 4 of 928 and 5 of 729 included studies of predominantly female football, 
volleyball and basketball players, as well as army recruits. High load dynamic warm-ups, 
however, have been consistently shown to augment maximal strength and power output in the 
lower body by inducing a postactivation potentiation (PAP) response, although the optimum 
means for achieving such a response are still unclear.30 PAP, in short, is a mechanism through 
which muscular performance is acutely and transiently benefited by contractile history; this 
occurs in concert with fatigue development and as the result of heavy resistance exercise 
through an increase in α-motoneuron excitability and phosphorylation of myosin regulatory 
light chains.31 While literature regarding PAP represents rare agreement within warm-up 
literature, it should be noted that warm-up investigations largely focus on physical 
performance, without investigation of a potential psychological edge gained from warm-up. 
Given their widespread adoption and advocacy, it seems likely that many warm-ups provide 
no benefits, but it is also reasonable to posit that warm-ups may not provide any physical 
benefits in some situations. Thus, in an attempt to address the multiple knowledge gaps 
regarding potential benefits of warm-up, the RCT in Chapter 3 was constructed to investigate 
of physiological, performance, and subjective experience domains.  
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Prior warm-up research, however, certainly possesses a bias towards investigation of 
lower body warm-ups. Only 3 of 9 warm-up reviews conducted in 2010 or later included 
study of the effects of warm-up on upper body performance,24,27,32 and no reviews included 
investigations of warm-up on upper extremity injury incidence. Further, no investigation of 
warm-up effects in instrumental musicians existed at the start of this thesis, despite 
widespread adoption and advocacy for both performance and prevention in instrumentalists. 
Essentially, upper body warm-up as a subject area was very much of a blank slate at the start 
of this thesis, and thus addressing the relevant knowledge gaps was approached in two parts: 
1) a systematic review and synthesis of available evidence regarding upper body warm-up 
was conducted (Chapter 2); 2) informed by the results of this review, the first randomised 
controlled trial (RCT) of warm-up effects in instrumentalists was designed and undertaken.  
Pain  
Pain and injury are unfortunate yet prominent repercussions of many performance 
domains. Similar to warm-up, the mechanisms and management of pain and injury are 
relatively well-researched in athletic populations, while their aetiology and impact on 
instrumental musicians has only been sparsely investigated outside of epidemiological 
research. Similar to, and perhaps even more often than athletes, musicians commonly 
continue to practice and perform with PRMDs, placing them at risk for additional physical 
and cognitive disorders through further loading of injured tissues and often unconscious 
adaptations in technique and/or biomechanics designed to shift loading from affected 
areas.8,33 An understanding of the mechanisms of both PRMDs and PRMD responses is a 
necessary foundation for any pain effective pain management programme, and the absence of 
such understanding is a likely contributor to the continually elevated incidence of PRMDs in 
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instrumental musicians. Accordingly, the cross-sectional EMG study in Chapter 4 was 
designed to address the knowledge gaps regarding pain and injury in instrumental musicians 
by testing the links between PRMDs and changes in muscle activity patterns and the potential 
impact of such changes on performance biomechanics.  
Fatigue  
There is a well-documented link between fatigue, a temporary condition induced by 
continued activity, and performance decrement.34-36 As such, effective fatigue management is 
a foundational to the consistent achievement of peak performance. While in the general 
population sleep-based fatigue management is most relevant to most cognitive-based 
occupational tasks and activities of daily living,34,37 muscle fatigue management programmes 
are most relevant to the physically demanding tasks prevalent in elite performance 
populations.38 In this vein, recent sports medical research has identified an acute vs. chronic 
load paradigm that reveals that week to week increases in physical workload >30% from a 
‘typical’ week increase injury risk.17 Details regarding daily management of acute muscle 
fatigue, however, such as the optimal length of rest periods, the relationship between activity 
intensity and necessary rest period length, and the rate of fatigue-induced performance 
decrement at various intensities remain nebulous at best. Despite this knowledge gap, the 
importance of rest/breaks during training, rehearsals, competition, and/or performance have 
been emphasized by health professionals for management of acute muscle fatigue in both 
athletic and instrumental music populations.39-45 Lacking relevant details and supporting 
evidence, this advocacy based in anecdote is vague enough to be rendered toothless, yet is 
still one of the most common fatigue management strategies perpetuated throughout the 
literature. Further, and as previously noted, these ‘fatigue management’ guidelines are likely 
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also vague enough to be ignored in an instrumental music setting, as rehearsals and 
performances are generally conducted without concern for physical loading. 
In this context, the ability to reliably predict the progression of acute muscle fatigue 
across a range of intensities would provide a means to optimize the timing and length of 
rest/breaks and thus a foundation for informed fatigue management; a framework for such 
predictions, however, was non-existent prior to this thesis. Previous research into acute 
muscle fatigue has provided component parts for such a framework by utilising EMG to 
propose quantitative thresholds to define points above which fatigue is theoretically 
accelerated—critical force/torque46,47—or below which fatigue is non-existent—
neuromuscular fatigue threshold.47,48 These theoretical fatigue thresholds are informative but 
still suggestive, as their existence has only been demonstrated in individual studies. The only 
meta-analytic model of muscle fatigue in existence prior to this thesis exclusively used force 
and time to failure data without any direct measures of muscle fatigue.49 Accordingly, 
Chapter 5 of this thesis presents a data-driven model for prediction of muscle fatigue rates 
based on muscle activity (EMG) and force data. And, although designed with a specific view 
towards benefit for instrumental musicians, results from this meta-analysis provide a 
framework for daily fatigue management programmes across a range of performance 
applications in elite and general populations.  
***** 
In summary, this thesis is presented as a series of ‘research vignettes’ addressing the 
substantial knowledge gaps regarding three domains that affect performances and injury risk 
in elite performers—warm-up, pain, and fatigue. Instrumental musicians were specifically 
targeted for the studies of this thesis, as they are an at-risk population that is relatively under-
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researched and underserved. The three domains were investigated systematically by 
addressing the following aims: 
1. Provide a synthesis of current literature regarding upper body warm-up effects on 
injury prevention and performance enhancement in athletes (Chapter 2) to inform the 
creation of the first RCT of warm-up effects in instrumental musicians (Chapter 3).  
2. Empirically identify links between PRMDs and changes in muscle loading in elite 
violinists (Chapter 4) to enhance understanding of the mechanisms of changes in 
muscle loading and biomechanics for violinists continuing to perform with PRMDs. 
3. Create a general meta-analytic model of muscle fatigue (Chapter 5) to inform acute 
management of fatigue. 
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Further Discussion: Chapter 2 
The systematic review of upper body warm-up literature presented in Chapter 2 was 
conducted with the aim of determining effective warm-up strategies in sport athletes that may 
have translational benefits for instrumental musicians. To clarify an inclusion criteria 
presented in Chapter 2, although English language articles were the specified inclusion 
criteria, no foreign language warm-up articles were discovered in the search process and thus 
the comprehensiveness of the review was not undermined by this criteria. The results of the 
review, however, failed to provide any evidence-based recommendations for effective warm-
up strategies for submaximal activities such as instrumental music performance. Accordingly, 
the warm-ups chosen for investigation in the first RCT of acute warm-up effects on muscle 
activity, perceived exertion, and musical performance in instrumental musicians (Chapter 3) 
were necessarily selected based on common practice and anecdote.  
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Preface: Chapter 3 
Chapters 3 and 4 present a two-part investigation of muscle activity in elite violinists: 
Chapter 3 presents the first RCT of acute warm-up effects on muscle activity, perceived 
exertion, and performance in instrumental musicians; Chapter 4 is a cross sectional study of 
the impact of pain and other physical symptoms on muscle activity, perceived exertion, and 
performance biomechanics. As noted above, given the lack of evidence regarding effective 
warm-up strategies for submaximal activities, warm-ups were selected for investigation in 
this RCT based on common practice and anecdote. On-instrument warm-up was the most 
obvious selection for inclusion in the investigation given its near-unanimous uptake in elite 
instrumentalists especially; as proof of concept, all 55 violinists recruited for the RCT in 
Chapter 3 reported always or occasionally performing daily on-instrument warm-ups before 
playing. To juxtapose this highly specific and targeted motor warm-up, a general 
cardiovascular warm-up was selected to allow comment on general vs. task specific warm-up. 
Finally, based on its theoretical and anecdotal efficacy in sport applications as well as my 
own positive experiences in an instrumental music context, core muscle warm-up was 
selected for inclusion predominantly out of researcher interest—according to theory, core 
muscle activation should shift loading from the extremities to the core and resulting in 
superior kinetic chain biomechanics, a shift that can be captured by EMG.1 Founded again on 
anecdote and common practice, it was predicted that the on-instrument warm-up would result 
in the greatest benefit to musical performance and perceived exertion, while the core muscle 
warm-up was predicted to produce the greatest acute changes in muscle activity. All three 
warm-ups were supervised to ensure uniform performance. All performers recruited for the 
study presented in Chapter 3 were elite musicians with 10 or more years violin performance 
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experience. For clarity, the covariates of the statistical ANCOVA presented in Chapter 3 are 
‘fitness level’ and ‘physical symptom severity.’ 
1. Kibler WB, Press J, Sciascia A. The role of core stability in athletic function. Sports 
Medicine 2006;36:189-98. 
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Chapter 3: 
Acute warm-up effects 
in submaximal athletes: 
An EMG study of 
skilled violinists 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   29	  
 
 
 
 
 
 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   30	  
 
 
 
 
 
 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   31	  
 
 
 
 
 
 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   32	  
 
 
 
 
 
 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   33	  
 
 
 
 
 
 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   34	  
 
 
 
 
 
 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   35	  
 
 
 
 
 
 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   36	  
 
 
 
 
 
 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   37	  
 
 
 
 
 
 
 
 
 
 
 
	   	   	  
	  
	  
	  
	  
	   	   	  
	   	   38	  
Supplemental Digital Content 1 
Effects	  of	  warm	  ups	  adjudication	  sheet	  
	  
	  
N.B.	  
-­‐	  each	  performance	  is	  ranked	  on	  its	  own	  individual	  merits	  and	  not	  in	  comparison	  to	  other	  
performances	  prior	  or	  following.	  
-­‐	  A	  field	  for	  comment	  has	  been	  left	  should	  the	  adjudicator	  would	  like	  to	  make	  a	  comment	  
-­‐	  Decimal	  points	  may	  be	  used	  if	  required	  
	  
	  
Grade	  descriptors:	  
6:	  An	  extraordinary	  performance	  
5:	  An	  outstanding	  performance	  –	  a	  performance	  which	  may	  have	  contained	  a	  minor	  blemish	  
4:	  An	  excellent	  performance	  –	  a	  performance	  that	  may	  have	  contained	  a	  few	  minor	  blemishes	  
3:	  A	  competent	  performance	  –	  a	  performance	  that	  shows	  occasional	  lapses	  
2:	  An	  insecure	  performance	  –	  a	  performance	  showing	  frequent	  lapses	  
1:	  Unsuccessful	  attempt	  –	  a	  performance	  of	  generally	  unacceptable	  quality	  	  
	  
	  
Performance	  
Reference	  
Intonation	  
accuracy	  	  
(1-­‐6)	  
Tone	  Clarity	  
(1-­‐6)	  
Overall	  
Impression	  
(1-­‐6)	  
Comment	  
	   	   	   	   	  
	   	   	   	   	  
	  
 
 
 
	   	   Subject	  #:	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  UG	  	  	  	  	  	  	  	  PG	   Full-­‐time	  Professional	  
	   	   Male	  	  	  	  	  	  	  Female	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Supplemental Digital Content 2 
 
Pre-test Questionnaire 
 
Please check only one response per question unless instructed otherwise. 
 
1. Do you warm-up ON YOUR INSTRUMENT : 
a. Before PERFORMING or REHEARSING?   
! Yes 
! No 
! Occasionally 
b. Before PRACTISING? 
! Yes 
! No 
! Occasionally 
 
2. Do you warm up AWAY FROM YOUR INSTRUMENT : 
a. Before PERFORMING or REHEARSING?   
! Yes 
! No 
! Occasionally 
b. Before PRACTISING? 
! Yes 
! No 
! Occasionally 
c. What does this warm-up involve? ________________________________________ 
 
3. If you warm-up, what factors influence your decision to do this? (check all that apply) 
! Advice from teacher 
! Advice from health professional 
! Advice from friends 
! Positive personal experiences with warm-up 
! Other (please describe) 
_____________________________________________ 
 
4. How do you think warm-up will affect your sound quality? 
! Improve sound quality 
! No effect 
! Degrade sound quality 
 
5. Are you currently experiencing any physical symptoms, such as aches, pain, weakness, lack 
of control, numbness or tingling? 
! Yes 
! No 
 
Note: if you answered “no” to question 5, your questionnaire ends here!  If you answered “yes” to 
question 5, continue to the 2nd page.  
	   	   Subject	  #:	  	  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  UG	  	  	  	  	  	  	  	  PG	   Full-­‐time	  Professional	  
	   	   Male	  	  	  	  	  	  	  Female	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6. Please indicate the location(s) of your current physical symptoms (PS) on the body chart 
below.  Shade an area and label the first PS as A, the second as B, etc. (see provided example)  
	   	   Ackermann,	  2012	  
For each shaded area above, please complete details below on the PS.  Please also rate the severity of 
the PS out of 10, where 0 is no pain and 10 is the worst pain you can imagine. If the PS varies, 
please indicate the lowest to highest pain ratings. 
PS (letter) Duration 
(weeks) 
Affecting 
playing? 
(Y/N) 
Type of PS (from list 
below) 
Intermittent 
or constant? 
Severity 
(/10) 
      
      
      
Type of PS: Aching, sharp, burning, throbbing, cramping, pulling, tingling, hot, numb, cold, shooting, 
heavy, tender, weak, loss of control, tiring, other (specify) 
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Supplemental Digital Content 3: Excerpt 1 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
	   	   	  
42	  
	  
Supplemental Digital Content 4: Excerpt 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
	   	   	  
43	  
	  
Supplemental Digital Content 5: Excerpt 3 
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Supplemental Digital Content 6: Excerpt 4 
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Supplemental Digital Content 7: Excerpt 5 
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Supplemental Digital Content 8 
15 Minute Violin Warm-Up routine 
It	  is	  possible	  to	  change	  the	  order	  of	  these	  exercises.	  
1. Right Arm Exercise (1 minute) 
Play	  the	  note	  ‘D’	  on	  A-­‐string	  using	  whole	  bows.	  Play	  4	  whole	  bows	  at	  5	  different	  sound	  points	  on	  the	  
string:	  (near	  the	  fingerboard-­‐>between	  middle	  and	  fingerboard-­‐>	  at	  the	  middle-­‐>	  between	  middle	  
and	  bridge-­‐>	  next	  to	  the	  bridge).	  Focus	  on	  having	  free,	  smooth	  motion	  of	  the	  right	  arm,	  lots	  of	  echo	  
in	  the	  tone,	  and	  a	  wide	  oscillation	  of	  the	  string.	  
	  
	  
2. Left Hand Exercise (1 minute) 
Set	  all	  the	  fingers	  in	  1st	  position	  on	  A-­‐string	  to	  the	  notes	  B-­‐C#-­‐D-­‐E,	  Metronome	  Speed:	  Crotchet=80.	  
Lift	  each	  finger	  starting	  with	  4th	  finger	  (i.e.	  E-­‐D,	  then	  D-­‐C#,	  then	  C#-­‐B,	  then	  B-­‐A)	  Repeat	  each	  
combination	  two	  times	  playing	  crotchets	  and	  four	  times	  in	  quavers.	  Focus	  on	  having	  a	  quick	  lift	  of	  
fingers	  and	  a	  loose	  feel	  of	  the	  hand	  when	  the	  fingers	  are	  in	  the	  air.	  
	  
After	  reaching	  open	  A-­‐string,	  work	  dropping	  the	  fingers	  down	  (i.e.	  A-­‐B,	  then	  B-­‐C#,	  then	  C#-­‐D,	  then	  D-­‐
E).	  Repeat	  each	  combination	  two	  times	  playing	  crotchets	  and	  four	  times	  playing	  quavers.	  Focus	  on	  
having	  a	  quick	  drop	  of	  fingers	  on	  the	  string	  and	  a	  loose	  feel	  of	  the	  hand	  when	  the	  fingers	  are	  on	  the	  
string.	  
	  
	  
3. Right Arm Exercise 2 – Weight Exercise (30 Seconds) 
	  
Using	  whole	  bows	  alternate	  between	  heavy	  and	  light	  bow	  feel	  (i.e.	  on	  a	  down	  bow	  stroke	  play	  
bottom	  half	  of	  the	  bow	  heavy	  and	  forte,	  and	  the	  top	  half	  light	  and	  piano;	  on	  an	  up	  bow	  again	  start	  
heavy	  and	  forte,	  and	  in	  the	  lower	  half	  play	  light	  and	  piano).	  Then	  do	  two	  heavy-­‐light	  cycles	  per	  bow	  
stroke	  on	  a	  down-­‐bow	  and	  on	  an	  up-­‐bow	  (i.e.	  heavy-­‐light-­‐heavy-­‐light),	  then	  3,	  4,	  6	  and	  8	  heavy-­‐light	  
cycles	  in	  a	  bow	  stroke.	  
	  
	  
4. Left Arm Exercise 2 – Henry Schradieck Op. 1 Part 1. (1 minute) 
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Using	  Metronome	  Speed	  Crotchet	  =80	  play	  through	  Part	  A	  Exercises	  1-­‐8.	  
	  
	  
	  
5. Right Arm Exercise 3 – Speed Exercise (30 Seconds) 
This	  exercise	  is	  identical	  to	  the	  Weight	  Exercise	  with	  the	  difference	  that	  instead	  of	  heavy-­‐light	  
pattern	  the	  fast-­‐slow	  pattern	  will	  be	  used.	  
	  
Using	  whole	  bows	  alternate	  between	  fast	  and	  slow	  bow	  speed	  (i.e.	  on	  a	  down	  bow	  stroke	  play	  
bottom	  half	  of	  the	  bow	  fast	  and	  forte,	  and	  the	  top	  half	  slow	  and	  piano;	  on	  an	  up	  bow	  again	  start	  fast	  
and	  forte,	  and	  in	  the	  lower	  half	  play	  slow	  and	  piano).	  Then	  do	  two	  fast-­‐slow	  cycles	  per	  bow	  stroke	  on	  
a	  down-­‐bow	  and	  on	  an	  up-­‐bow	  (i.e.	  fast-­‐slow-­‐fast-­‐slow),	  then	  3,	  4,	  6	  and	  8	  fast-­‐slow	  cycles	  in	  a	  bow	  
stroke.	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6. Left Arm Exercise 3 – Vibrato (2 minutes) 
	  
Place	  your	  hand	  in	  3rd	  or	  4th	  position	  in	  such	  a	  way	  that	  your	  wrist	  is	  touching	  lightly	  the	  side	  of	  the	  
violin.	  Place	  the	  fingers	  down	  on	  the	  string	  (one	  at	  a	  time)	  and	  move	  the	  hand	  from	  the	  wrist	  in	  such	  
a	  way	  that	  the	  nail	  joint	  of	  each	  finger	  opens	  and	  closes	  and	  the	  finger	  on	  the	  string	  rolls	  from	  the	  tip	  
to	  the	  pad	  and	  back	  to	  the	  tip.	  Start	  slow	  and	  build	  up	  the	  speed	  to	  full	  vibrato.	  
	  
	  
7. Right Arm Exercise 4 – String Crossings Rodolphe Kreutzer Etude No. 7 Excerpt (1 
minute) 
	  
Start	  slowly	  focusing	  on	  the	  precise	  movement	  of	  the	  upper	  arm	  and	  elbow	  moving	  to	  the	  correct	  
string.	  Then	  increase	  the	  speed.	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8 Right Arm Exercise 5 – String Crossings Rodolphe Kreutzer Etude No. 13 Excerpt (1 
minute) 
	  
Play	  in	  the	  top	  half	  of	  the	  bow	  focusing	  on	  the	  coordination	  and	  smooth	  movement	  of	  the	  elbow,	  
wrist	  and	  fingers	  for	  string	  crossings.	  
	  
	  
9. Left Arm Exercise 4 – Shifting (1 minute) 
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10	  Scale	  (5	  minutes)	  
	  
Play	  3	  octave	  G	  major	  scale	  at	  a	  speed	  M=50	  in	  Slurs	  of	  3	  at	  three	  notes	  to	  a	  beat;	  then	  in	  slurs	  of	  8	  
at	  eight	  notes	  to	  a	  beat;	  and	  then	  sautille	  at	  the	  same	  speed	  (optionally	  it	  is	  possible	  to	  play	  each	  
note	  repeated	  twice	  in	  sautille	  stroke).	  
	  
	  
11 Arpeggios (1 minute) 
	  
Play	  3	  octave	  G	  major	  and	  minor	  triads	  in	  slurs	  of	  3	  and	  6	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Supplemental Digital Content 9: Core Muscle Warm-up 
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Exercise Description Modification Diagram 
Dual loading 
gluteal bridges 
Participants lay on their back with knees 
bent, both feet flat on the ground, and arms 
resting beside the torso.  Driving through the 
heels and contracting the gluteals, hips were 
lifted off the ground to form a straight line 
between the knees, hips, and torso.  The 
participant paused in this position before 
slowly returning the hips back to the ground. 
Movement was repeated for a total of 10 
repetitions. 
Decreased intensity—
participants contracted 
gluteals and lifted their 
body weight off the 
pelvis before returning 
to the ground.  
Formation of a straight 
line between the knees, 
hips, and torso was not 
required. 
 
Single loading 
gluteal bridge leg 
marches 
Participants lay on their back with knees 
bent and both feet flat on the ground. Hips 
were lifted off the ground to form a straight 
line between their knees, hips and torso.  
From this position, one foot was lifted off 
the ground, bringing the thigh perpendicular 
to the ground and keeping the hips high.  
The raised foot was then returned to the 
starting position and the same movement 
was performed with the opposite leg without 
dropping the hips.  This sequence was 
repeated for a total of 20 total repetitions, 10 
on each leg. 
Decreased intensity—
participants contracted 
gluteals to lift body 
weight off the pelvis.  
From this position, one 
leg was extended until 
straight and then 
returned to the starting 
position.  Movement 
was replicated with the 
opposite leg. 
 
Modified	  
Modified	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Leg crossovers Participants lay on their back, extended both 
arms perpendicularly to the torso, and 
extended the legs vertically. Without lifting 
the scapulae off the ground, legs were 
rotated as far as possible to one side of the 
torso before being returned to the starting 
position.  This movement was then repeated 
in the opposite direction.  A total of 20 
repetitions were performed, 10 in each 
direction. 
Decreased intensity—
participants performed 
the same movement 
with knees flexed to 90-
degrees. 
 
 
Opposite arm/leg 
extension 
Participants began on hands and knees with 
a flat back.  From this position, participants 
extended an arm and leg on opposite sides of 
the body (e.g. left arm, right leg) until 
straight, keeping the torso steady.  The arm 
and leg were then returned to the starting 
position.  A total of 20 repetitions were 
performed, 10 on each side. 
Decreased intensity—
participants were 
instructed to decrease 
the range of motion if 
lower intensity 
movement was 
required. 
 
 
Modified	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Dynamic side 
plank 
Participants began lying on their side with 
the trunk propped up on their forearm.  
Participants then contracted their oblique 
muscles to form a straight line between the 
feet, hips, and torso.  The hips were then 
dropped back down towards the ground in a 
slow and controlled fashion.  After briefly 
touching the hip back to the floor, the 
movement was repeated.  A total of 20 
repetitions were performed, 10 on each side. 
Decreased intensity—
participants lifted their 
hips off the ground such 
that a straight line was 
formed between the 
knees, hips, and torso.  
Feet remained rested on 
the ground throughout 
the duration of the 
activity   
 
 
Shoulder ‘A’ Participants began standing, with feet 
shoulder width apart, knees slightly bent, 
and arms by the sides.  In a slow, controlled 
manner, arms were raised directly in front of 
the torso, finishing fully extended on both 
sides of the head.  Arms were then slowly 
lowered back to the starting position, with a 
focus on maintaining contraction of the 
trapezius and anterior deltoid muscles 
throughout the descent.  A total of 10 
repetitions were performed.   
No modifications of 
this exercise were 
necessary. 
 
	  	  	  
Modified	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  Shoulder	  ‘T’	   Participants	  began	  with	  knees	  flexed	  to	  approximately	  45-­‐degrees	  and	  the	  torso	  leaning	  over	  the	  toes,	  parallel	  to	  the	  ground.	  	  Participants	  were	  instructed	  to	  extend	  their	  arms	  toward	  the	  ground	  with	  palms	  facing	  each	  other,	  and	  then	  retract	  the	  scapulae	  and	  lift	  the	  arms	  to	  bring	  the	  arms	  parallel	  to	  the	  ground	  and	  fully	  extended	  out	  from	  the	  torso.	  	  The	  arms	  were	  then	  slowly	  returned	  to	  the	  starting	  position.	  	  A	  total	  of	  10	  repetitions	  were	  performed.	  	  	  
No	  modifications	  of	  this	  exercise	  were	  necessary.	   	  
Shoulder	  ‘W’	   Participants	  began	  with	  knees	  flexed	  to	  approximately	  45-­‐degrees	  and	  the	  torso	  leaning	  over	  the	  toes,	  parallel	  to	  the	  ground.	  	  With	  elbows	  flexed	  90-­‐degrees	  and	  the	  palms	  facing	  away	  from	  the	  thighs,	  participants	  externally	  rotated	  the	  humerus	  until	  the	  hands	  were	  parallel	  with	  the	  torso.	  	  The	  hands	  were	  then	  returned	  to	  the	  starting	  position	  in	  a	  slow,	  controlled	  manner.	  	  Care	  was	  taken	  to	  ensure	  that	  the	  elbows	  remained	  near	  the	  torso	  throughout	  the	  movement.	  	  A	  total	  of	  10	  repetitions	  were	  performed.	  	  	  
No	  modifications	  of	  this	  exercise	  were	  necessary.	   	  
	   	   Subject	  #:	  	  
	   	   UG	  	  	  	  	  	  	  	  	  	  	  	  	  PG	  	  	  	  	  	  	  	  	  	  	  	  Full-­‐time	  professional	  
	   	   Male	  	  	  	  	  	  Female	   	   	   	   	  	  	  	  	  	  	  	  	  Male	  	  	  	  	  	  	  Female	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Supplemental	  Digital	  Content	  10	  
	  Post-­‐test	  Questionnaire	  
1. Circle	  your	  average	  exertion	  during	  the	  previous	  trial	  on	  the	  scale	  below.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	   	  
	  
	  
	  
	  
2. If	  you	  had	  physical	  symptoms	  at	  the	  beginning	  of	  testing,	  how	  did	  the	  warm-­‐up	  affect	  these	  
symptoms?	  
a. Symptom	  A	  	  
! Improved	  symptoms	  
! No	  effect	  on	  symptoms	  
! Exacerbated	  symptoms	  
b. Symptom	  B	  
! Improved	  symptoms	  
! No	  effect	  on	  symptoms	  
! Exacerbated	  symptoms	  
c. Symptom	  C	  
! Improved	  symptoms	  
! No	  effect	  on	  symptoms	  
! Exacerbated	  symptoms	  
	  
3. Rate	  the	  overall	  effect	  of	  the	  warm-­‐up	  compared	  to	  your	  expectations.	  
! More	  negative	  effect	  than	  expected	  
! Same	  effect	  as	  expected	  
! More	  positive	  effect	  than	  expected	  
 
Supplemental Digital Content 11: MVC Protocols 
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Exercise (arm) Description of movement Diagram (arrows point direction of applied force) 
Empty can (R/L) Participant sat in erect posture with no back support. Shoulder 
abducted 90° with elbow extended and internal humeral 
rotation; arm abducted as resistance applied at wrist. 
 
 
 
 
 
 
 
 
 
 
Flexion 125° (R/L) Participant sat in erect posture with no back support. Shoulder 
flexed at 125°.  Shoulder flexed as resistance applied above the 
elbow and at the inferior angle of the scapula to de-rotate 
scapula. 
 
 
 
 
 
 
 
 
 
 
Internal rotation 90° 
(R/L) 
Participant sat in erect posture with no back support. Shoulder 
abducted 90° in plane of scapula with elbow flexed 90° and 
neutral humeral rotation. Arm internally rotated as resistance 
applied to wrist.  
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Shoulder extension 
(R/L) 
Participant sat in erect posture with no back support.  Shoulder 
abducted 30°, elbow fully extended.  Shoulder extended as 
resistance applied at wrist. 
 
 
 
 
 
 
 
 
 
 
 
Palm press  Participant sat in erect posture with no back support. Shoulders 
bilaterally flexed 90° with heel of hands together, elbows 
flexed 20°, and arms horizontally adducting. 
 
 
 
 
 
 
 
 
 
 
 
Elbow flexion (R) Participants sat in erect posture with no back support. Right 
elbow flexed 90° and right forearm supinated such that the right 
palm was parallel to the ceiling.  Elbow flexed as resistance 
applied at palm towards floor. 
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Elbow extension (R) Participants assumed same starting position as elbow flexion 
MVC.  Elbow extended as resistance applied at palm towards 
ceiling. 
 
 
 
 
 
 
 
 
 
 
 
Wrist flexion (R) Participants placed right forearm on a table, palm facing the 
ceiling, with the edge of the table in line with the wrist; padding 
under the forearm was provided when requested. Wrist flexed 
as resistance applied to palm towards floor.    
 
 
 
 
 
 
 
 
 
 
 
Wrist extension (R) Participants placed right forearm on a table, palm facing the 
floor, with the edge of the table in line with the wrist; padding 
under the forearm was provided when requested.  Wrist 
extended as resistance applied to back of hand towards floor.  
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Crunch  Participants lay on their back with feet flat on the floor and 
arms crossed across the chest. Torso flexed such that shoulder 
blades were ~20cm off the ground as resistance applied 
bilaterally to upper chest.  
 
 
 
 
 
 
 
 
 
 
 
Crossover crunch 
(R/L) 
Participants lay on their back with feet flat on the floor and 
arms crossed across the chest.  Torso rotated to bring 1 
shoulder ~30 off the ground as counter-rotary force applied to 
the lifted shoulder. 
 
 
 
 
 
 
 
 
 
 
Back extension  Participants lay prone on their torso, with both hands resting 
lightly on the back of the head. Back was extended such that 
lifted the chest ~20cm off the ground as force was applied 
bilaterally to scapulae.   
 
 
 
 
 
 
 
 
 
 
 
	   	   	  
	  
60	  
	  
Preface: Chapter 4 
Chapter 4 is a cross-sectional study of the impact of pain and physical symptoms on 
muscle activity and exertion in elite violinists, utilising EMG data from the cohort of 
violinists presented in Chapter 3. For this study, only the pre-warm-up data from the warm-up 
RCT was used to ensure uniform testing conditions across all participants.  
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Chapter 4: Effects of 
physical symptoms on 
muscle activity levels in 
skilled violinists 
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Further Discussion: Chapter 4  
As an additional note to the discussion of the potential need for a validated forearm 
muscle MVC protocol from Chapter 4, the MVC protocol used in Chapters 3 and 4 was used 
successfully in prior research.1 While the research participants did not indicate any 
discomfort during the MVC testing, it is possible that non-reporting of the impedance of 
physical symptoms on MVC tests may have contributed to the large standard deviations in 
forearm muscle activity data; variability in bowing technique and playing style are also likely 
contributors.  
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Preface: Chapter 5 
Muscle fatigue has previously been identified as an important causative factor for pain 
and injury in musicians,1 yet relevant data regarding the specific mechanisms of fatigue in 
musicians remains sparse. Following the investigation of pain and other physical symptoms 
presented in Chapter 4, Chapter 5 shifts the focus to the impact of fatigue on performance. 
During the search process it was clear that insufficient literature on acute fatigue in elite 
performers is available to perform a substantive meta-analysis. Accordingly, Chapter 5 
necessarily broadens the focus from instrumental musicians to healthy individuals and from 
the upper body to all skeletal muscles.  
The systematic review and meta-analysis of data from fatiguing contraction protocols 
in Chapter 5 was conducted with a similar aim to the systematic review of upper body warm-
up presented in Chapter 2: provide a definitive synthesis of available data with a view 
towards translational benefit for instrumental musicians.. In contrast to Chapter 2, however, 
Chapter 5 presents a systematic review conducted with the purpose of developing a predictive 
model of acute muscle fatigue for use across elite performance, occupational, and 
rehabilitative domains. By establishing this robust model for predicting acute muscle fatigue, 
acute fatigue can be more effectively managed and injury risk minimised in occupational and 
elite performance populations, and normative data can be provided for comparative use in 
rehabilitation applications. 
1. Ackermann B, Driscoll T, Kenny DT. Musculoskeletal pain and injury in professional 
orchestral musicians in Australia. Medical Problems of Performing Artists 
2012;27:181-88.  
 
	   	   	  
	  
72	  
	  
 
 
 
Chapter 5: Predictive 
modelling of muscle 
fatigue: A systematic 
review and meta-
analysis 
 
 
 
	   	   	  
	  
73	  
	  
Predictive modelling of muscle fatigue: A systematic review and meta-analysis  
J. Matt McCrary1 
Mark Halaki2 
Bronwen J. Ackermann1 
1 School of Medical Sciences, Sydney Medical School, The University of Sydney, Sydney, 
NSW 2006 
2 Discipline of Exercise and Sport Science, The University of Sydney, Sydney, NSW 2006 
 
Corresponding Author 
J. Matt McCrary 
University of Sydney, Cumberland Campus 
PO Box 170 
Lidcombe, NSW 
Australia, 1825 
j.matt.mccrary@gmail.com 
 
 
 
 
 
 
 
 
 
 
 
 
	   	   	  
	  
74	  
	  
ABSTRACT 
BACKGROUND: Prevention and management of muscle fatigue plays an important role in 
disease and traumatic injury, elite performance, and occupational health, yet is still poorly 
understood. 
METHODS: MEDLINE, PubMed, Web of Science, SportDISCUS, and Cochrane Library 
were searched using terms related to EMG and muscle fatigue. Inclusion criteria were 
English language peer-reviewed journal articles reporting agonist muscle EMG data 
standardized to % maximum voluntary contraction in healthy adults during fatigue protocols 
taken to task failure. Meta-analysis was conducted using univariate and multiple regression 
models. 
RESULTS: Thirty-two studies of isometric contraction protocols (combined n=594) were 
included in the meta-analysis, resulting in four models. Time to failure and EMG change rate 
models reveal limited, heteroscedastic relationships between contraction force and initial 
EMG amplitude and time to failure (R2 = 0.70 and 0.51) and EMG change rate (R2 = 0.65 and 
0.63), respectively. EMG change rate is shown to be a single, robust predictor (R2=0.82) of 
time to failure in the combined EMG change rate x time to failure model. A multiple 
regression model allows for fatigue prediction through synthesis of these univariate 
relationships into a model based on age, muscle fiber type, initial EMG amplitude, and 
contraction force (young populations: R2=0.77, %error = 9.3%; old populations: R2=0.93, 
%error = 1.0%).  
CONCLUSIONS: The first comprehensive, data-driven predictive model of muscle fatigue is 
presented. A novel, robust relationship between EMG change rate and time to failure is 
discovered. Both provide frameworks for fatigue management programs and research across 
medical, occupational, and elite performance domains. 
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INTRODUCTION 
Prevention and management of fatigue plays an important role in disease and traumatic 
injury,1,2 elite performance,3 and occupational health.4 Measuring and predicting fatigue, 
however, can be challenging, as it is a complex and multifaceted phenomenon with many 
possible mechanisms.5 Muscle fatigue, specifically, is still poorly understood, both in its 
mechanisms and link to injury.6 The costs of this knowledge gap are significant—
occupational musculoskeletal injuries account for nearly 70 million annual physician office 
visits in the United States, with an estimated economic burden between $45 and $54 billion.7 
Further, insufficient understanding of muscle fatigue undermines fatigue management in 
disease and rehabilitative applications and hinders consistent achievement in elite 
performance domains.3 A valid, data-driven model of ‘normal’ muscle fatigue is a critical 
component of addressing this knowledge gap, as it can be used to guide fatigue management 
in occupational and elite performance settings and provide normative data for clinical 
applications.  
Previously, muscle fatigue models have established an inverse exponential relationship 
between time to task failure—a common metric of muscle fatigue—and contraction force (% 
maximum voluntary contraction (%MVC)) during sustained constant force protocols.8,9 
While broadly informative, these models are impaired by wide spreads in predicted time to 
failure at lower force levels and are ultimately limited by being correlative models of 
fatigue—the effects of muscle fatigue are estimated without use of any data measured 
directly from the muscle. Fatigue models including muscle data measured via EMG have 
demonstrated downward trends in mean and median power frequency—correlated with 
reduced motor unit firing rate10—and upward trends in EMG amplitude—correlated with 
increased motor unit activity11—during muscle fatigue.12,13 Again, however, these models are 
limited. In the case of frequency models, their practical utility is minimized by the absence of 
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a function comparing mean or median power frequency to force or muscle contraction 
intensity. In the case of EMG amplitude, small sample sizes and the absence of 
comprehensive meta-analysis limit their utility. No prior models of muscle fatigue include 
analysis of training status on fatigue progression. One should note that no model including 
central fatigue characteristics, nor framework for integration of central and EMG task failure 
or force parameters, currently exists. Such integration is beyond the scope of this review.  
This systematic review and meta-analysis addresses the limitations of previous muscle 
fatigue models through a comprehensive analysis of muscle data (EMG), contraction force, 
and time to failure across a range of muscles. The influence of sex, age, and fiber type—
variables previously reported to significantly impact muscle fatigue14-16—are also analyzed. 
Accordingly, the purpose of this review and meta-analysis was to develop a comprehensive 
data-driven model of muscle fatigue through synthesis of available EMG, time to failure, and 
force data.  
METHODS 
Literature search and data extraction 
The literature search strategy was developed in consultation with a medical librarian from the 
University of Sydney. The following databases were searched: Medline (1946-present), 
SPORTDiscus (1985-present), Web of Science (1980-present), and Cochrane (1966-present). 
The search queries used were as follows: (torque* OR force* OR power) AND (muscle* OR 
contraction* OR MVC OR ‘maximum voluntary contraction’ OR electromyography OR 
EMG) AND fatigue. Searches included all relevant subject headings where possible. Human 
subjects and English language limiters were applied to all searches. A ‘life sciences 
biomedicine’ subject limiter was also applied to Web of Science searches.  
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Inclusion criteria were peer-reviewed journal articles written in the English language and 
reporting agonist muscle surface or indwelling EMG data normalized to a maximum 
voluntary contraction (%MVC) in healthy adults during constant force contraction protocols.  
Protocols must have been conducted under normal conditions (i.e. without hypoxia or muscle 
temperature manipulation), report at least data from the start and end points of the fatiguing 
protocol, and use EMG data sampled according to International Society of Electrophysiology 
and Kinesiology standards with valid MVCs (e.g. all EMG levels ≤100% MVC).17 
Additionally, participants must have been instructed to maintain force levels (‘force task’) not 
joint position (‘position task’) during fatiguing contractions; multiple studies have shown 
significant differences in endurance time between force and position tasks.18-24 Force tasks 
were selected for inclusion as they are more commonly used and have a more direct 
application to occupational, elite performance, and rehabilitative settings.   
Relevant studies were identified through an initial screening of titles and abstracts from 
database search results, followed by full-text review of potentially relevant articles. The 
following data were extracted from studies meeting inclusion criteria: subject numbers and 
demographics; muscle analyzed; contraction type (e.g. isometric, intermittent isometric, 
dynamic); contraction force (%MVC); initial and final EMG levels (%MVC); time to failure 
(min); initial and final mean power frequency (Hz); initial and final median power frequency 
(Hz).  
EMG amplitude increase vs. time plots were inspected when graphic data were available and 
it was found that the increase in EMG amplitude was homogenously linear across studies. In 
cases where only numerical data at start and at failure were available25-27 linearity was, 
therefore, assumed. As a result, the change rate of EMG amplitude was calculated for all 
included studies using the formula: 
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 𝐸𝑀𝐺  𝑐ℎ𝑎𝑛𝑔𝑒  𝑟𝑎𝑡𝑒 = !"#!"#$%!  !"#!"!#!$%!"#$  !"  !"#$%&'   
 
Statistical Analyses 
Data regarding EMG frequency and data from studies investigating dynamic and isometric 
contraction protocols were only reported in a small number of studies meeting inclusion 
criteria (median power frequency n=4; mean power frequency n=6; dynamic n=3; 
intermittent isometric n=6) and were excluded from meta-analysis. Analysis of trained vs. 
untrained population was precluded by the presence of only 1 study of trained populations 
among included studies; all remaining studies did not address training status in subject 
inclusion criteria. Accordingly, only data from studies investigating isometric contraction 
protocols were included in this meta-analysis. 
Linear and non-linear general bivariate regression models were used to determine the 
relations between the following parameters: EMG change rate (%MVC/min); time to failure 
(min); initial EMG amplitude (%MVC); contraction force (%MVC). These models were used 
for the complete data set as well as for data stratified by sex, age, and muscle fiber type. Age 
was analyzed using binary young (18-42 years) and old (65-80 years) classifications afforded 
by the data set. Muscle fiber type was also analyzed using binary classifications—Type I 
(>50% Type I character)/Type II (>50% Type II character)—based on previously reported 
relative Type I/II fiber composition.28 (See Table 1)  
 
Table 1. Muscle fiber type classifications based on biopsy data from Johnson et al.28 
 
Muscle/muscle group Majority muscle fiber type 
First dorsal interosseus I 
Gastrocnemius medialis I 
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Soleus I 
Tibialis anterior I 
Biceps brachii II 
Brachioradialis II 
Elbow flexors (average of biceps brachii and 
brachioradialis) II 
Gastrocnemius lateralis II 
Knee extensors (average of vastus medialis, rectus 
femoris, and vastus laeralis) II 
Rectus femoris II 
Vastus lateralis II 
Vastus medialis II 
Brachialis Unknown 
Extensor hallicus longus Unknown 
Nasal dilator Unknown 
Wrist flexors Unknown 
 
Initial analyses revealed a linear relationship between both contraction force and initial EMG 
amplitude with EMG change rate, as well as an exponential relationship between EMG 
change rate and time to failure. Accordingly, a step-wise multiple linear regression was run to 
predict time to failure based on contraction force and initial EMG amplitude using the 
grouping variables listed above and the model below:  
𝐿𝑜𝑔 𝑡𝑖𝑚𝑒  𝑡𝑜  𝑓𝑎𝑖𝑙𝑢𝑟𝑒 = 𝐵!"# ∙ 𝐿𝑜𝑔 𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝐸𝑀𝐺 + 𝐵!"#$% ∙ 𝐿𝑜𝑔 𝐹𝑜𝑟𝑐𝑒 + 𝐵!"#$%&'($ ∙𝐿𝑜𝑔 𝐹𝑖𝑏𝑒𝑟𝑇𝑦𝑝𝑒 + 𝐵!"# ∙ 𝐿𝑜𝑔 𝑆𝑒𝑥 + 𝐵!"#$%&#%  
Residual plots were created for all analyses. Significant differences between regression lines 
(α = 0.05) were determined by examining the means and 95% confidence intervals as per the 
methodology of Frey Law and Avin.8 Weighting of meta-analytic regression data by sample 
size was previously reported to have insignificant effects on outcomes and was not performed 
29. All statistical analyses were conducted in SPSS Statistics 23.0 (IBM; Armonk, NY).    
RESULTS 
See Figure 1 for general systematic review statistics.30 In total, this meta-analysis included 
data from 32 studies, 594 total subjects (394 men; 147 women; 53 sex unspecified) and 16 
muscles. Raw data from included studies are in the supplementary appendix. Table 1 contains 
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regression equations and coefficients of determination (R2) for the EMG change rate and time 
to failure models described below. All displayed relationships are significant (p<0·05).  
Regression analyses resulted in four predictive models of muscle fatigue: a ‘multiple 
regression model’ resulting from synthesis of the ‘EMG change rate model’ and ‘time to 
failure model’, and a ‘combined EMG change rate x time to failure model’ using EMG 
change rate to predict task failure. Figure 2 displays the EMG change rate model, 
demonstrating linear increases in EMG change rate with increasing contraction force and 
initial EMG amplitude. Figure 3 is the time to failure model, demonstrating a decrease in 
time to failure with increasing contraction force and initial EMG amplitude as a power 
function. Figure 4 displays the predictive accuracy of the multiple regression model, as well 
as the combined EMG change rate x time to failure model—a tightly correlated inverse 
relationship between increased EMG change rate and decreased time to failure. All subgroup 
regression lines in the combined EMG change rate x time to failure model were not 
significantly different (p>0·05) to each other nor to the overall relationship (Table 1) and thus 
not individually plotted.  
The multiple regression model was split between young and old cohorts due to consistent 
differences between these two cohorts in the EMG change rate and time to failure models and 
a superior fit of a split model; results are presented in Tables 3 and 4. An outlying data point 
excluded from the EMG change rate model (initial EMG amplitude as independent variable) 
was also excluded from the multiple regression model. Equations for the multiple regression 
model are below: 
Young cohort (R2= 0.77) 
 Predicted time to failure (min) = 103.82[3.40,4.24] × (Initial EMG)-1.60[-1.98,-1.23] × 
(Muscle fiber type)-0.77[-1.16,-0.38] × (Contraction force)-0.47[-0.72,-0.22] 
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Old Cohort (R2=0·93) 
 Predicted time to failure (min) = 103.65[3.33,3.97] ×  
(Contraction force)-1.75[-1.99,-1.52] 
Numbers in brackets are 95% confidence intervals. Muscle fiber type is coded as Type I = 1, 
Type II = 2. Sex was not a significant predictor in either model. Percent errors for the meta-
analytic model in the young and old cohorts are 9.3% and 1.0%, respectively. A residual plot 
for the multiple regression model predicted vs. actual time to failure plot in the young cohort 
was largely homoscedastic with several outliers; a small dataset in the old cohort precludes 
comment on residual distribution. The combined EMG change rate x time to failure model 
was completely homoscedastic.   
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Author Year 
n 
(male/female) 
Average age  
(±SD) 
Contraction 
force  
(%MVC) 
Initial muscle contraction  
intensity (%MVC) 
Final muscle contraction  
intensity (%MVC) 
Time to failure  
(min) 
Biceps brachii (long and short heads) (>50% Type II fibers) 
    
 
Booghs, Baudry, Enoka, et al.  2012 9 (ND) Range: 18-36 60 70.2(4.0) 87.4(4.6) 0.9(0.3) 
 
Booghs, Baudry, Enoka, et al.  2012 12 (ND) Range: 18-36 20 16.56(ND) 28.5(4.6) 8.9(3.2) 
 
Hunter & Enoka 2001 7 (7/0) 26.3(2.8) 20 8.3(0.6) 30.2(ND) 16.0(1.9) 
 
Hunter & Enoka  2001 7 (0/7) 27.5(6) 20 8.9(0.5) 32.3(ND) 32.4(3.9) 
 
Hunter, Critchlow, & Enoka  2004 10 (10/0) 73(4) 20/20 11.1(1.0)/7.2(ND) 27.7(2.3)/29.4(ND) 24.2(2.4)/24.2(2.4) 
 
Hunter, Critchlow, & Enoka  2004 8 (0/8) 71(4) 20/20 15.3(2.9)/8.2(ND) 35.9(ND)/30.3(ND) 21.3(3.7)/21.3(3.7) 
 
Hunter, Critchlow, & Enoka  2004 14(14/0) 22(4) 20/20 8.9(ND)/7.0(ND) 29.1(3.7)/28.5(3.4) 10.8(1.4)/10.8(1.4) 
 
Hunter, Critchlow, & Enoka  2004 13(0/13) 23(4) 20/20 7.7(ND)/6.4(ND) 25.4(3.4)/23.3(ND) 18.3(2.1)/18.3(2.1) 
 
Hunter, Critchlow, & Enoka  2005 8 (8/0) 71.3(2.9) 20/20 12.1(1.0)/9.6(1.6) 27.7(1.7)/25.2(1.7) 22.6(7.4)/22.6(7.4) 
 
Hunter, Critchlow, & Enoka  2005 8 (8/0) 21.5(4.4) 20/20 10.1(ND)/8.5(ND) 33.8(ND)/31.1(3.1) 13(5.2)/13(5.2) 
 
Hunter, Rochette, Critchlow, et al.  2005 18(10/8) Range: 65-80 20/20 13.5(ND)/9.3(ND) 30.5(ND)/29.2(3.6) 22.8(9.1)/22.8(9.1) 
 
Hunter, Ryan, Ortega, et al.  2002 16(8/8) 27(4) 15/15 7(ND)/7.9(ND) 21.2(ND)/20.1(ND) 23.4(12.1)/23.4(12.1) 
 
Keller, Pruse, Yoon, et al.  2011 14(14/0) 20.1(1.9) 20 14.7(1.6) 28.8(3.0) 8.3(2.7) 
 
Keller, Pruse, Yoon, et al.  2011 15(0/15) 19.9(3.2) 20 15.0(1.4) 28.4(3.0) 12.9(6.3) 
 
Klass, Levenz, Enoka, et al.  2008 11(6/5) 19.4(6) 20 12.9(2.0) 36.4(25.6) 16.0(6.2) 
 
Nicolas, Gauthier, Trouillet, et al.  2008 16(16/0) 23(3) 40/40 30.2(17.2)/26.7(14.2) 55.1(16.6)/53.3(15.3) 2.0(0.6)/2.0(0.5) 
 
Rudroff, Staudenmann & Enoka  2008 10(10/0) 25(6) 20/20 13.0(4.0)/10.0(4.0) 33.0(11.0)/27.0(12.0) 6.5(1.9)/6.5(1.9) 
 
Semmler, Ebert, & Amarasena  2013 10(10/0) 24(6) 30 20.5(1.9) 44.2(5.8) 3.9(0.4) 
 
Williams, Hoffman, & Clark  2014 10(5/5) 24.5(3.1) 15 13.2(2.0) 26.1(3.5) 17.5(7.9) 
 
Yoon, Schindler-Delap, Griffith, et al.  2008 15(6/9) 21.9(3.6) 20 15.7(ND) 36.8(ND) 14.4(7.5) 
 
Yoon, Schindler-Delap, Griffith, et al.  2008 15(6/9) 70.1(4.3) 20 20.3(ND) 45.6(ND) 29.5(6.9) 
Brachialis (unknown fiber type) 
      
 
Hunter & Enoka  2001 7(7/0) 26.3(2.8) 20 19.0(1.5) 31.7(ND) 16.0(1.9) 
 
Hunter & Enoka  2001 7(0/7) 27.5(6) 20 16.1(1.1) 26.5(1.9) 32.4(3.9) 
 
Hunter, Critchlow, & Enoka  2004 10(10/0) 73(4) 20 25.8(ND) 31.6(ND) 24.2(2.4) 
 
Hunter, Critchlow, & Enoka  2004 14(14/0) 22(4) 20 15.9(1.2) 35.5(2.5) 10.8(1.4) 
 
Hunter, Critchlow, & Enoka  2004 8(0/8) 71(4) 20 34.2(4.2) 56.7(9.1) 21.3(3.7) 
 
Hunter, Critchlow, & Enoka  2004 13(0/13) 23(4) 20 11.3(0.9) 20.2(1.8) 18.3(2.1) 
 
Hunter, Critchlow, & Enoka  2005 8(8/0) 21.5(4.4) 20 16.7(1.6) 39.2(1.3) 13(5.2) 
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Author Year 
n 
(male/female) 
Average age  
(±SD) 
Contraction 
force  
(%MVC) 
Initial muscle contraction  
intensity (%MVC) 
Final muscle contraction  
intensity (%MVC) 
Time to failure  
(min) 
 
Hunter, Critchlow, & Enoka  2005 8(8/0) 71.3(2.9) 20 25.4(3.8) 36.5(6.9) 22.6(7.4) 
 
Hunter, Rochette, Critchlow, et al.  2005 18(10/8) Range: 65-80 20 28.0(3.29) 43.8(6.1) 22.8(9.1) 
 
Semmler, Ebert, & Amarasena  2013 10(10/0) 24(6) 30 34.6(1.9) 43.0(3.9) 3.9(0.4) 
Brachioradialis (>50% Type II) 
      
 
Booghs, Baudry, Enoka, et al.  2012 12 (ND) Range: 18-36 20 20(3.5) 36.6(4.1) 8.9(3.2) 
 
Booghs, Baudry, Enoka, et al.  2012 9 (ND) Range: 18-36 60 82.8(2.1) 91.7(3.5) 0.9(0.3) 
 
Hunter & Enoka  2001 7 (7/0) 26.3(2.8) 20 12.6(1.2) 33.7(ND) 16.0(1.9) 
 
Hunter & Enoka  2001 7 (0/7) 27.5(6) 20 9.6(ND) 31.9(ND) 32.4(3.9) 
 
Hunter, Critchlow, & Enoka  2004 10 (10/0) 73(4) 20 22.8(2.3) 33.6(3.3) 24.2(2.4) 
 
Hunter, Critchlow, & Enoka  2004 8 (0/8) 71(4) 20 13.4(1.6) 31.0(3.6) 21.3(3.7) 
 
Hunter, Critchlow, & Enoka  2004 14(14/0) 22(4) 20 9.2(ND) 33.4(3.4) 10.8(1.4) 
 
Hunter, Critchlow, & Enoka  2004 13(0/13) 23(4) 20 7.0(ND) 21.1(ND) 18.3(2.1) 
 
Hunter, Critchlow, & Enoka  2005 8 (8/0) 71.3(2.9) 20 13.8(2.5) 36.0(5.0) 22.6(7.4) 
 
Hunter, Critchlow, & Enoka  2005 8 (8/0) 21.5(4.4) 20 10.1(ND) 36.9(ND) 13(5.2) 
 
Hunter, Rochette, Critchlow, et al.  2005 18(10/8) Range: 65-80 20 13.7(ND) 34.6(3.5) 22.8(9.1) 
 
Hunter, Ryan, Ortega, et al.  2002 16(8/8) 27(4) 15 6.7(ND) 20.6(ND) 23.4(12.1) 
 
Keller, Pruse, Yoon, et al.  2011 14(14/0) 20.1(1.9) 20 14.4(2.0) 32.8(2.8) 8.3(2.7) 
 
Keller, Pruse, Yoon, et al.  2011 15(0/15) 19.9(3.2) 20 11.7(1.6) 22.8(2.4) 12.9(6.3) 
 
Rudroff, Staudenmann & Enoka  2008 10 (10/0) 25(6) 20 13.0(6.0) 33.0(10.0) 6.5(1.9) 
 
Semmler, Ebert, & Amarasena  2013 10 (10/0) 24(6) 30 31.4(3.2) 71.8(7.1) 3.9(0.4) 
 
Williams, Hoffman, & Clark  2014 10(5/5) 24.5(3.1) 15 13.1(2.3) 39.5(5.6) 17.5(7.9) 
 
Yoon, Schindler-Delap, Griffith, et al.  2008 15(6/9) 70.1(4.3) 20 24.6(ND) 39.7(ND) 29.5(6.9) 
 
Yoon, Schindler-Delap, Griffith, et al.  2008 15(6/9) 21.9(3.6) 20 16.6(ND) 32.1(ND) 14.4(7.5) 
Elbow flexors (average of biceps brachii and brachioradialis)(All muscles >50% Type II) 
   
 
Yoon, Schlinder-Delap & Hunter  2013 16(16/0) 73.8(6.1) 20 18.4(2.3) 41.6(3.3) 17.2(7) 
 
Yoon, Schlinder-Delap & Hunter  2013 10(10/0) 20.8(2.7) 20 16.4(2.6) 41.1(3.3) 9.5(3.1) 
Extensor hallicus longus (unknown fiber type) 
     
 
Ciubotariu, Arendt-Nielsen, & Graven-
Nielsen  2004 10(6/4) Range: 21-28 80 73.5(8.9) 98.5(8.9) 1.1(0.3) 
First dorsal interosseous (>50% Type I) 
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Author Year 
n 
(male/female) 
Average age  
(±SD) 
Contraction 
force  
(%MVC) 
Initial muscle contraction  
intensity (%MVC) 
Final muscle contraction  
intensity (%MVC) 
Time to failure  
(min) 
 
Fuglevand, Zackowski, Huey, et al.  1993 10 (ND) ND 20 19.3(4.8) 45.2(15.2) 8.9(3.3) 
 
Fuglevand, Zackowski, Huey, et al.  1993 11 (ND) ND 35 31.5(9.6) 54.5(17.6) 4.1(1.8) 
 
Fuglevand, Zackowski, Huey, et al.  1993 11 (ND) ND 65 59.6(13.9) 81.4(15.3) 1.1(0.4) 
 
Maluf, Shinohara, Stephenson, et al.  2005 20 (20/0) 21 (2.2) 60 56.8(9.7) 69.9(20.6) 1.6(0.5) 
 
Maluf, Shinohara, Stephenson, et al.  2005 20 (20/0) 25.5 (5.8) 20 17.8(3.8) 53(15.7) 16.4(3.8) 
Gastrocnemius medialis (>50% Type I) 
     
 
Loscher, Cresswell, & Thorstensson  1996 11 (11/0) Range: 22-37 30 40.7(31.5) 62.6(4.3) 4.1(1.4) 
 
Mademli & Arampatzis  2005 14 (14/0) 65.2 (3.6) 40 33.0(3.6) 42.6(4.5) 6.8(2.2) 
 
Nordez, Guevel, Casari, et al.  2009 8 (8/0) 26.3 (4.9) 40 37.7(4.1) 61.4(4.3) 6.7(1.5) 
 
Pereira, de Oliveira & Nadal  2011 6 (6/0) 18.7 (0.5) 40/40 19.9(ND)/11.9(ND) 29.0(ND)/17.4(ND) 2.1(0.4)/2.8(0.6) 
Gastrocnemius lateralis (>50% Type II) 
     
 
Mademli & Arampatzis  2005 14 (14/0) 65.2 (3.6) 40 28.5(4.3) 34.9(3.5) 6.8(2.2) 
 
Nordez, Guevel, Casari, et al.  2009 8 (8/0) 26.3 (4.9) 40 26.1(12.3) 71.4(35.3) 4.1(1.4) 
 
Pereira, de Oliveira & Nadal  2011 6 (6/0) 18.7 (0.5) 40/40 13.0(ND)/7.9(ND) 22.8(ND)/17.2(ND) 2.1(0.4)/2.8(0.6) 
Knee extensors (average of vastus medialis, rectus femoris, and vastus laeralis)(All muscles >50% Type II) 
 
 
Rudroff, Kolliokoski, Block, et al.  2013 3 (3/0) 72 (4) 25 16.4(ND) 49.4(5.8) 18.4(1.7) 
 
Rudroff, Kolliokoski, Block, et al.  2013 3 (3/0) 23 (4) 25 16.4(ND) 48.7(4.5) 18.4(1.7) 
Nasal dilator muscles (unknown fiber type) 
     
 
Schmitt, DelloRusso & Fregosi  2009 11 (5/6) Range: 20-27 20/35/65 
20.8(3.2)/38.6(2.6)/ 
62.3(4.1) 
35.7(5.0)/59.1(2.3)/ 
80.1(5.0) 
3.5(0.6)/2.0(0.7)/ 
0.7(0.1) 
Rectus femoris (>50% Type II) 
      
 
Clark, Collier, Manini, et al.  2005 11 (11/0) 26.2 (2) 25 22.6(ND) 26.5(4.4) 2.8(0.3) 
 
Clark, Collier, Manini, et al.  2005 11 (0/11) 23.9 (1.3) 25 19.8(ND) 40.7(4.0) 3.6(0.4) 
 
Ullrich & Bruggemann  2008 10 (10/0) 24.2 (3) 20/40 17.5(1.6)/35.1(2.0) 53.5(7.8)/64.6(10.0) 4.4(0.8)/2.0(0.3) 
 
Ullrich & Bruggemann  2008 10 (10/0) 24.6 (3.6) 20/40 20.1(2.6)/30.0(2.4) 52.8(3.9)/62.2(10.4) 5.1(2.4)/2.1(0.5) 
Soleus (>50% Type I)  
       
 
Loscher, Cresswell, & Thorstensson  1996 11 (11/0) Range: 22-37 30 24.0(1.5) 58.3(5.0) 6.7(1.5) 
 
Mademli & Arampatzis  2005 14 (14/0) 65.2 (3.6) 40 43.3(4.5) 51.1(5.1) 6.8(2.2) 
 
Nordez, Guevel, Casari, et al.  2009 8 (8/0) 26.3 (4.9) 40 43.1(10.2) 64.6(10.4) 4.1(1.4) 
 
Pereira, de Oliveira & Nadal  2011 6 (6/0) 18.7 (0.5) 40/40 23.6(ND)/19.9(ND) 29.8(ND)/25.9(ND) 2.1(0.4)/2.8(0.6) 
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Author Year 
n 
(male/female) 
Average age  
(±SD) 
Contraction 
force  
(%MVC) 
Initial muscle contraction  
intensity (%MVC) 
Final muscle contraction  
intensity (%MVC) 
Time to failure  
(min) 
 
Table 2. Raw data from included studies 
Tibialis anterior (>50% Type I) 
      
 
Hunter, Tejin, Farinella, et al.  2008 15 (8/7) 21.1 (1.4) 20 30.3(2.0) 35.6(2.0) 21.3(17.8) 
 
Levenez, Kotzamarndis, Carpentier, et al.  2005 12 (11/1) 30.4 (9) 50 38.1(3.4) 44.3(4.2) 5.3(1.9) 
 
Yoon, Hawe & Hunter  2009 8 (4/4) 22.1 (6.9) 20 20.4(2.8) 51.4(6.3) 15.5(2.4) 
 
Yoon, Hawe & Hunter  2009 15 (8/7) 21.1 (1.4) 20 26.7(2.8) 37.6(2.5) 10(0.8) 
Vastus lateralis (>50% Type II) 
      
 
Clark, Collier, Manini, et al.  2005 11 (11/0) 26.2 (2) 25 18.8(ND) 37.0(5.2) 2.8(0.3) 
 
Clark, Collier, Manini, et al.  2005 11 (0/11) 23.9 (1.3) 25 18.9(ND) 43.0(4.9) 3.6(0.4) 
 
Masuda, Masuda, Sadoyama, et al.  1999 19 (19/0) Range: 19-73 50/50 47.1(3.2)/46(8.5) 64.3(7.0)/58.5(12.0) 1.3(0.3)/1.3(0.3) 
 
Pincivero & Gear  2000 17 (17/0) 22.6 (2.9) 80 78.5(2.4) 92.7(3.0) 0.7(0.2) 
 
Ullrich & Bruggemann  2008 10 (10/0) 24.2 (3) 20/40 20.9(1.7)/39.4(2.4) 53.5(3.6)/70.9(6.1) 4.4(0.8)/2.0(0.3) 
 
Ullrich & Bruggemann  2008 10 (10/0) 24.6 (3.6) 20/40 25.5(2.0)/35.4(2.4) 61.8(6.3)/59.6(7.7) 5.1(2.4)/2.1(0.5) 
 
Willems & Ponte  2013 18 (18/0) 20 (2) 20/20 24.7(4.7)/23.5(5.8) 50.6(13.1)/47.5(9.6) 5.7(2.3)/5.5(2.4) 
Vastus medialis (>50% Type II) 
      
 
Clark, Collier, Manini, et al.   2005 11 (11/0) 26.2 (2) 25 17.7(ND) 34.6(3.5) 2.8(0.3) 
 
Clark, Collier, Manini, et al. 2005 11 (0/11) 23.9 (1.3) 25 19.9(ND) 41.2(4.0) 3.6(0.4) 
 
Pincivero & Gear  2000 17 (17/0) 22.6 (2.9) 80 66.8(4.5) 81.7(4.4) 0.6(0.2) 
 
Ullrich & Bruggemann  2008 10 (10/0) 24.2 (3) 20/40 21.0(1.6)/40.9(3.6) 56.8(6.1)/75.1(10.1) 4.4(0.8)/2.0(0.3) 
 
Ullrich & Bruggemann  2008 10 (10/0) 24.6 (3.6) 20/40 25.2(1.9)/38.1(2.4) 59.7(8.1)/81.5(10.5) 5.1(2.4)/2.1(0.5) 
 
Willems & Ponte  2013 18 (18/0) 20 (2) 20/20 14.4(4.7)/12.5(4.0) 36.4(16.5)/33.1(12.1) 5.5(2.4)/5.7(2.3 
Wrist flexors (unknown fiber type) 
      
 
Thompson, Fadia, Pincivero, et al.  2007 18 (18/0) 22.7 (0.6) 20/50 20.3(1.8)/53.7(3.8) 33.9(3.8)/68.4(3.8) 3.8(0.4)/1.2(0.1) 
 
Thompson, Fadia, Pincivero, et al.  2007 20 (0/20) 22.7 (0.8) 20/50 20.4(1.7)/49.9(3.8) 31.9(3.0)/68.8(4.3) 5.8(0.5)/1.2(0.1) 
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Table 3. Equations for regression lines from Figures 2-4. 95% confidence intervals are displayed in 
[brackets].  
 
EMG change rate 
model (fig. 2) 
x = Initial EMG amplitude (%MVC)  
y = EMG change rate (%MVC/min) 
x = Contraction force (%MVC) 
y = EMG change rate (%MVC/min) 
Regression equation R2 Regression equation R2 
 y = 0.31[0.27,0.35]x – 2.30[-3.45,-1.11]
 0.63 y = 0.33[0.29,0.38]x – 4.55[-6.00,-3.13] 0.65 
Time to failure model 
(fig. 3) 
x = Initial EMG amplitude (%MVC) 
y = time to failure (min) 
 x = Contraction force (%MVC) 
y = time to failure (min) 
 y = 10
2.42[2.13,2.71] • x-1.22[-1.44,-1.00] 0.51 y = 103.89[3.52,4.25] • x-2.15[-2.41,-1.90] 0.70 
Combined model  
(fig. 4a) 
x = EMG change rate (%MVC/min) 
y = time to failure (min)   
All data y = 101.18[1.13,1.22] • x-0.81[-0.88,-0.74] 0.82   
 
 
Table 4. Summary of stepwise multiple regression analysis for variables predicting time to failure in 
the young cohort.  Criteria for each model: Probability of F to enter ≤ 0.05; probability of F to remove 
≥ 0.10. All included variables significant at p<0.01. 
 
 
Model 1 Model 2 Model 3 
Variable B [95% CI] SE B β B [95% CI] SE B β B [95% CI] SE B β 
(Constant) 3.56 [3.15,3.97] 0.21 
 
3.91 [3.46, 4.36] 0.23 
 
3.82 [3.40,4.24] 0.21 
 Log(contraction force) -1.97 [-2.26,-1.68] 0.15 -0.84 -2.1 [-2.39,-1.81] 0.14 -0.9 -1.6 [-1.98,-1.23] 0.19 -0.68 
Muscle fiber type 
   
-0.66 [-1.08,-.24] 0.21 -0.19 -0.77 [-1.16,-.38] 0.2 -0.22 
Log(initial EMG amplitude) 
      
-0.47 [-.72,-.22] 0.13 -0.3 
R2 
  
0.70 
  
0.73 
  
0.77 
 
 
Table 5. Summary of stepwise multiple regression analysis for variables predicting time to failure in 
the old cohort.  Criteria for model: Probability of F to enter ≤ 0.05; probability of F to remove ≥ 0.10. 
All included variables significant at p<0.01. 
 
Model 1 
Variable B [95% CI] SE B β 
(Constant) 3.65 [3.33,3.97] 0.15 
 Log (contraction force) -1.75 [-1.99,-1.52] 0.11 -0.97 
R2 
  
0.93 
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Figure 2. Time to failure model. Equations for regression lines are located in Table 3. Data 
points marked with ‘X’ are outliers and have been excluded from regression analysis. 
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Figure 3. Time to failure model. Equations for regression lines are located in Table 3.  
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DISCUSSION 
This meta-analysis provides a comprehensive synthesis of the available evidence relating 
initial EMG amplitude, contraction force, EMG change rate, and time to failure, resulting in 
four muscle fatigue models: 1) time to failure model 2) EMG change rate model 3) combined 
EMG change rate x time to failure model 4) multiple regression model. The EMG change rate 
and time to failure models provide suggestive frameworks of muscle fatigue that are 
significantly affected by age, sex, and/or muscle fiber type. Conversely, the combined EMG 
change rate x time to failure model presents EMG change rate as a robust predictor of time to 
failure that remains valid across all investigated subgroups. The multiple regression model 
provides a synthesized, comprehensive approach to predicting time to failure based on age, 
muscle fiber type, contraction force, and initial EMG amplitude.  
The time to failure and EMG change rate models both provide a framework for the multiple 
regression model, but possess critical limitations precluding their utility as stand-alone 
models. The time to failure model presents a plot similar in shape and fit to the fatigue model 
published by Frey Law and Avin8 with contraction force as the independent variable. It was 
thought that increasing the specificity of the data by using directly measured muscle 
parameters—plotting initial EMG amplitude vs. time to failure—may improve upon this 
model. However, the opposite occurred, largely due to the identical times to failure but 
varying initial EMG amplitudes of synergistic agonist muscles (e.g. biceps, brachioradialis, 
and brachialis). The resultant ≈30 minute range of time to failure data occurring at 
contraction forces and initial EMG amplitudes ≈ 20% MVC limits the predictive power of 
this model. Similarly, the EMG change rate model is limited by heteroscedasticity varying 
with contraction force and initial EMG amplitude, in addition to a low number of studies with 
contraction forces/initial EMG amplitudes >50% MVC.  
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The EMG change rate model does, however, provide the first meta-analytic insight into two 
theories of neuromuscular fatigue measured using EMG: critical force or torque threshold—a 
force or EMG amplitude level above which EMG change rate is accelerated;12,51 and 
neuromuscular fatigue threshold—a force or muscle activity level below which no 
neuromuscular fatigue occurs.51,52 This meta-analysis does not appear to support the critical 
torque/force threshold due to the linear, non-segmented relationship of the EMG change rate 
model in isometric contractions. However, the data are likely biased by a low number of 
studies with contraction force or initial EMG amplitudes >50% MVC. Similarly, this review 
can neither confirm nor deny the presence of the neuromuscular fatigue threshold in isometric 
contractions. Figures 2A & 2B suggest a neuromuscular fatigue threshold at ~7·5% MVC 
(EMG amplitude) or ~15% MVC (force) yet no studies included in the meta-analysis 
investigated contraction forces <15% MVC. Further, studies of sustained contractile forces 
below 10% MVC and as low as ~0·3% MVC that were not taken to task failure (excluded 
from meta-analysis) reported increases in EMG amplitude.53,54 No prior study has suggested 
that taking sustained contractions to failure impacts EMG change rate; it is hypothesized that 
additional data points at contractile forces below 15% MVC will impact the location and 
presence of the neuromuscular fatigue threshold. Additional data are needed at contraction 
forces >50% and <15% MVC to provide conclusive insight into these two theories.  
The combined EMG change rate x time to failure model is the most robust bivariate model 
presented in this meta-analysis, revealing a previously unreported tight fit relationship 
between EMG change rate and time to failure that is not significantly affected by age, sex, or 
muscle fiber type. This relationship is a breakthrough in our understanding of fatigue, 
allowing EMG change rate to be presented as a single, powerful predictor of time to failure 
and serve as a guidepost for future research. Accordingly, muscle fatigue research can now 
focus on the factors and mechanisms contributing to EMG change rate, with their effects on 
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time to failure able to be extrapolated. To broaden the impact of this model, further data on 
dynamic and intermittent isometric contractions are necessary to confirm whether this model 
applies to these contraction types. Similarly, data from clinical populations are needed to 
determine the impact of disease states on the combined EMG change rate x time to failure 
model.   
The multiple regression model presents a synthesis of the three models discussed above, 
resulting in a robust, comprehensive framework for predicting time to failure based on age, 
muscle fiber type, initial EMG amplitude. In its present form, the multiple model is best 
suited to predict time to failure in isometric contractions of young, healthy populations, 
allowing for applications across occupational, elite performance, and rehabilitative domains 
for persons aged 45 and under, such as providing a method to predict normal comparative 
data. As a practical example of its utility, this model can predict that a 25 year old holding an 
object using 20%MVC elbow flexion force (initial biceps brachii EMG amplitude of 
22%MVC) will be able to hold this object for 6·75 minutes before task failure. Critically, in 
light of conflicting results on the effect of sex on fatigue 14,31,43, this model demonstrates that, 
when strength is controlled for using %MVC, sex does not significantly impact muscle 
fatigue. The latest hypothesis regarding the effects of sex on acute muscle fatigue notes that 
the magnitude sex differences are task specific;55 accordingly the restriction of data in this 
meta-analysis to force tasks may have controlled for any potential sex differences that may 
have appeared. Further, data are needed on older cohorts, dynamic and intermittent isometric 
contractions, and clinical populations to further broaden its utility. Additionally, clarification 
of the factors influencing the relationship between contraction force/initial EMG amplitude 
and EMG change rate will further strengthen the model and reduce its absolute error.   
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Conclusions 
Models for the prediction of time to failure based on contraction force, initial EMG 
amplitude, and EMG change rate are presented based on data from isometric fatigue 
protocols in 594 subjects. EMG change rate and time to failure models reveal limited 
frameworks associating contraction force or initial EMG amplitude with EMG change rate 
and time to failure, respectively. Conversely, EMG change rate is shown to be a single, 
robust predictor of time to failure. A multiple regression model allows for fatigue prediction 
through comprehensive synthesis of these relationships into a model based on age, muscle 
fiber type, initial EMG amplitude, and contraction force was developed. Future research 
refining the understanding of factors contributing to EMG change rate and examining the 
applicability of the models presented to clinical populations and dynamic or intermittent 
isometric contractions will further enhance their utility. 
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This thesis presents an examination of three domains impacting elite performance 
populations, especially instrumental musicians: warm-up, pain, and fatigue.1-6 Surface EMG 
was used to measure the impact of warm-up and pain/physical symptoms on muscle activity 
in elite violinists. Literature reviews were utilised to provide foundational syntheses of 
knowledge regarding upper body warm-up and acute muscle fatigue. Results showed that 
muscle activity was significantly altered in response to pain or physical symptoms and 
repertoire, but not warm-up. The literature reviews revealed discrepancies between evidence 
and practice regarding upper body warm-ups for performance enhancement in submaximal 
activities and produced a framework for predicting acute muscle fatigue. Findings presented 
in this thesis will serve as foundation knowledge as well as catalysts for future research 
towards the creation of evidence-based guidelines for warm-up, pain management, and 
fatigue management in performance. Accordingly, while the discussion sections of each 
individual manuscript give mention to future research directions, the following three sections 
will provide an expanded discussion of avenues for expansion upon the research of Chapters 
2 through 5, categorised by subject area. 
Warm-up 
The thesis begins with a systematic review of upper body warm-up in sports medicine 
(Chapter 2), a review designed to provide a comprehensive analysis of the most effective 
upper body warm-ups and also a framework for a novel trial investigating warm-up effects in 
instrumental musicians. Given the findings of the review—dynamic, high-load warm-ups are 
shown to enhance maximal strength and power performance, with no reported benefits of 
warm-up for submaximal activities—only the first aim of the systematic review could be 
fulfilled. Accordingly, the investigation of warm-up effects in violinists (Chapter 3) broadly 
investigated two warm-ups commonly adopted by musicians (on-instrument and general 
cardiovascular), as well as a core muscle warm-up advocated by sports performance 
	   	   	  
	  
100	  
	  
literature.7 Surface EMG was used to quantify the effects of these warm-ups on muscle 
activity, with the results demonstrating that none of the investigated warm-ups significantly 
impacted muscle activity (EMG). Musical performance quality was similarly unaffected by 
all investigated modes of warm-up. Perceived exertion was significantly reduced following 
all three investigated warm-ups.  
Perhaps the most obvious and critical knowledge gap revealed in Chapter 2 is the 
complete absence of evidence regarding whether upper body warm-ups prevent injuries. 
Despite this evidence gap, and as noted previously, warm-ups are still common practice 
across athletic and musical populations, largely due to the recommendations of health 
professionals, coaches, and pedagogues. As such, investigation is critical to determine 
whether upper body warm-ups are as effective as advertised at preventing injuries or whether 
time warming up could be better spent otherwise. Numerous studies of injury preventive 
warm-ups in the lower body, particularly those focussed on more comprehensive 
neuromuscular warm-up strategies rather than simple stretching activities, have shown 
promise,11-13 yet even their benefits remain the subject of some debate.14,15 Given the similar 
performance benefits of upper and lower body warm-ups (see Chapter 2), it seems probable 
that warm-up will display some injury preventive benefits in the upper body. To increase the 
likelihood of initial positive outcomes, however, initial studies of injury preventive upper 
body warm-up should utilise adaptations of neuromuscular warm-up strategies employed 
with some success in the lower body.16 As an additional note, future warm-up research should 
take care to examine warm-up effects in both males and females, especially given the bias of 
current warm-up investigations towards male populations identified in Chapter 2. 
Investigations can then later focus on more tailored warm-up programmes based on any 
differential upper and lower body responses to warm-up determined in earlier studies.  
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The body of evidence regarding upper body warm-up for performance enhancement, 
on the other hand, is more robust. However, the utility of any warm-up for performance 
enhancement in submaximal activities was not supported by the systematic review in Chapter 
2. This finding was confirmed by the absence of either physical or musical performance 
benefits resulting from any investigated warm-up in the violin warm-up trial (Chapter 3). 
Accordingly, it is becoming apparent that any significant benefits of warm-up for 
submaximal activities may not be simply related to alterations in muscle activity or even 
biomechanics of performance. The significant reduction in ratings of perceived exertion 
found in Chapter 3, along with the widespread adoption of warm-ups for submaximal 
activities, seems to indicate that individuals experience some benefit from warm-up that 
unrelated to EMG and performance outcomes alone.  
What alternative factors could explain these results? It is possible that observed 
warm-up benefits are physiologically mediated through changes in blood flow and/or oxygen 
uptake kinetics related to a warm-up induced shift from anaerobic to aerobic metabolism. 
Another implication of the results of Chapters 2 and 3 is that warm-up benefits may be 
psychological, although current literature in this area is extremely sparse. The Borg scale was 
used in Chapter 3 to quantify acute changes in overall exertion resulting from a combination 
of physical and/or psychological mechanisms, but only allowed for inference regarding 
specific psychological benefits of warm-up. Accordingly, a more nuanced and targeted 
assessment, particularly one tailored to music performance, would provide more concrete 
detail regarding acute psychological benefits resulting from warm-up. Given that many 
musicians report, anecdotally, that warm-up enhances feelings of calm and focus on the 
instrument, an adaptation of the validated Kenny Music Performance Anxiety Inventory17 
capable of detecting acute changes in stress, anxiety, and focus could be effective. In 
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addition, future investigation of acute warm-up effects relating to blood perfusion including 
pulse oximetry and blood flow analysis is merited. 
Another avenue of potentially fruitful research lies in the use of functional magnetic 
resonance imaging (fMRI) to quantify acute changes in neural activity that may result from 
warm-up. Prior fMRI research has demonstrated that initial performance of a novel task is 
associated with a greater number of active neural sites than subsequent performance of this 
task; in other words, neural efficiency increases with task repetition.18 As such, it is possible 
that warm-up benefits in submaximal activities are derivative of this increase in neural task 
efficiency. Further, prior fMRI research19 has demonstrated that fMRI can provide an 
indication of when a state of relaxation has been achieved; musicians anecdotally report that 
warm-up enhances a feeling of relaxation on the instrument, a feeling which could potentially 
be quantified by fMRI. fMRI has recently been successfully used to investigate neural 
activity across a range of instruments through use of adapted hard plastic equipment in place 
of metal instrument parts,20,21 making fMRI investigation of warm-up effects in musicians 
especially prudent. Results could subsequently be extrapolated to and investigated in other 
submaximal tasks.    
Pain and physical symptoms 
 Despite documented high levels of physical symptoms in instrumental musicians,8-10  
measuring and reporting the effects of these symptoms on muscle loading and biomechanics 
during performance has only rarely been undertaken. Using sEMG, physical symptom, and 
perceived exertion data,  Chapter 4 addresses this knowledge gap with preliminary data 
suggesting differential muscle activity occurring in response to the presence of proximal and 
distal upper limb symptoms. The data presented in Chapter 4 provides some key insight into 
alterations in muscle loading and performance biomechanics in relation to pain and other 
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physical symptoms during instrumental music performance, and further research is clearly 
warranted in this area. 
The presence of shoulder symptoms was associated with muscle usage changes 
including decreased upper trapezius  activation with increased pectoralis major, biceps 
brachii, and anterior deltoid muscle activation during the right arm action in violin playing, 
compared to those players without shoulder pain. Previous research has suggested that 
dysfunctional scapulohumeral rhythm may lead to problems in the shoulder,22 and these 
findings reinforce the need for further research on this specific topic. However, the study’s 
limitations preclude broad application of results. Chief amongst these limitations are the 
overlap between patients with distal and proximal symptoms and inability to determine 
cause-and-effect relationships between symptoms and muscle activity. In addition, to further 
substantiate the hypothesis raised by this study, a greater number of quantitative measures of 
scapular mobility in association with the muscle activity changes may be required. Further 
investigation addressing these limitations is needed before conclusive comment can be made 
for instrumental musicians and applied more broadly to other performance domains.  
 These observed proximal and distal differential muscle activity effects in response to 
proximal and/or distal pain or other physical symptoms have considerable implications for 
future research in pain management. Better understanding  of the kinds of biomechanical 
adaptations that may occur either as a secondary response to changes in muscle activation 
patterns with physical symptoms, or as a primary dysfunction that may lead to physical 
symptoms, has the potential to significantly help injury management in elite performance 
tasks.  For instrumental musicians specifically, trials that enhance understanding of the 
aetiology and mechanisms of performance induced pain will facilitate superior clinical 
management and rehabilitation programmes—similar to those currently used for elite 
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athletes23-25—thus minimising time lost from injuries as well as maximising peak 
performance.  
Fatigue 
Finally, Chapter 5 presents the first comprehensive meta-analysis of muscle fatigue 
using available data directly measured from the muscle (EMG), with its key outputs being a 
robust predictive model of muscle fatigue in isometric contractions, and discovery of a strong 
exponential relationship between EMG change rate and time to task failure. Accordingly, this 
meta-analysis provides a user-friendly, data-driven framework for future acute fatigue 
management programmes and research. 
Numerous strategies for fatigue management are currently advocated by coaches, 
pedagogues, and healthcare professionals, largely centred around interspersing rest periods 
into taxing activities.1,2,4-6,26-28 Yet, as with warm-up, these recommendations have not been 
supported by any conclusive evidence and are conspicuously absent of specifics regarding 
timing of rest periods relative to activity intensity. The meta-analytic predictive model of 
muscle fatigue presented in Chapter 5 is an important foundational step towards developing 
such data-driven management recommendations. However, as noted in Chapter 5, the models 
presented only apply to muscle fatigue during isometric contractions and are best suited for 
healthy populations under 40 years of age.  Future research broadening the scope of these 
models to include dynamic and intermittent isometric contractions, as well as older and 
clinical populations, is needed to enhance the comprehensiveness of these models. Further, 
prior research has demonstrated that consistent achievement of peak performance depends on 
successful fatigue management considering both fatigue and recovery mechanisms.29 
Accordingly, development of a similar meta-analytic model focussed on the time course of 
recovery from muscle fatigue related to activities at different intensities is necessary to 
facilitate maximum precision and applications of fatigue management programmes.  
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An idealized long-term endpoint for the frameworks developed in Chapter 5 is a 
comprehensive yet simple model of muscle fatigue, similar in design to occupational safety 
recommendations for hearing protection. 30 Such a model would be, likely to be stratified by 
at least age and muscle fibre type, based on the following construct: ‘X minutes of activity at 
Y intensity can be performed safely before Z rest is necessary.’ An ambitious endpoint, sure. 
However, the results from the meta-analysis in Chapter 5 demonstrate that simple, 
comprehensive models can be developed even for complex phenomena such as muscle 
fatigue.  
Additionally, out of a desire to further synthesise the three performance domains 
presented in this thesis, future research into the effects of warm-up and pain on muscle 
fatigue is an area requiring investigation. Literature on the effects of warm-up on fatigue is 
scarce and predictably inconclusive—one study notes that shorter warm-ups decrease fatigue 
during cycling but failed to include a ‘no warm-up’ control group, while another notes that 
warm-up has no effect on vocal fatigue.31,32 Future research investigating any fatigue-related 
effects of warm-up could provide further insight on the ability of warm-up to augment 
physical performance parameters. Prior research into the effects of pain on muscle fatigue has 
noted that pain significantly impacts fatigue, quantified through spectral analysis of EMG 
data but not EMG amplitude;33-35 prior research has noted difficulties in obtaining valid 
maximum voluntary contractions in participants with pain,36 making integration of EMG 
amplitude data from painful subjects into the model presented in Chapter 5 challenging.  
 
Practical applications 
This thesis provides valuable information with immediate practical applications to a 
spectrum of researchers, clinicians, professionals, and individuals across a range of elite 
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performance, occupational, and rehabilitative domains. The following will discuss the 
immediate significance of the collective works of this thesis to relevant populations. 
Elite performance 
Elite performance domains, specifically those involving instrumental musicians, are 
set to benefit most immediately from the content of this thesis, as results are most directly 
applicable to these populations. Athletes performing tasks requiring maximal efforts of both 
the upper (Chapter 2) and lower body (previous review37) can now confidently focus on using 
evidence-based high-load dynamic warm-ups to consistently improve strength and power 
performance. Conversely, submaximal athletes, including instrumental musicians, should, 
pending further warm-up research, critically appraise their warm-up routines for efficiency 
and efficacy, as the data of Chapters 2 and 3 raises serious questions regarding the physical 
and performance benefits of warm-up for this population.  
Both maximal and submaximal performers, however, can benefit from the continued 
development of the predictive fatigue model presented in Chapter 5. While this model 
presently has limited application to dynamic movements, elite performance activities 
requiring that one or more limbs maintain sustained, static positions (e.g. left arm in violin 
performance; right and left arms in flute performance) can benefit immediately from an 
enhanced ability to predict fatigue onset. For example, a thirty-year old violinist who 
contracts his left upper trapezius (majority Type I muscle38) at 7.5%MVC (initial EMG 
amplitude = 7.5%MVC) to maintain left arm position during performance can now do so with 
the knowledge that this muscle will be fatigued to the point of failure after 102 minutes of 
sustained activity; practice and performance schedules can be modified accordingly. For 
maximum benefit, the predictive model presented in Chapter 5 should be applied to all 
muscles maintaining sustained contractions during violin performance, with practice and 
performance programming based off the fastest fatiguing muscle. It should be noted that the 
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predictive muscle fatigue models were based on data from participants with an unknown 
training status, meaning that these task failure time estimates are likely conservative for a 
trained population of elite performers. Further development of these fatigue models will 
allow for inclusion of data from dynamic and intermittent contractions and sensitivity to 
training status designations. Additionally, it should further research is necessary to determine 
whether the fatigue model presented in Chapter 5 also applies to symptomatic performers. 
Finally, instrumental musicians, especially violinists, should be aware of the risk of 
biomechanical changes occurring during continued performance with physical symptoms and 
take more active strategies to reduce symptoms, including investigating potential movement 
dysfunction, potentially through video/biofeedback analysis.  
Occupational 
The occupational domain will particularly benefit from the predictive fatigue 
modelling framework presented in Chapter 5. While, as noted above, this model still needs to 
be refined and further developed, it provides a foundation for data-driven fatigue 
management recommendations for a range of sustained activities found in many occupational 
settings, utilising a similar process to that outlined above for violinists. Further, the 
occupational domain could also benefit from an impetus for further research regarding warm-
up practices to the end that any confirmed performance and/or health benefits of these 
practices could then be translated to the occupational setting. At present, research has only 
investigated the effects of warm-up on surgical performance with predictably mixed 
results,39,40 meaning that substantial scope for expansion of any confirmed warm-up benefits 
to other professional domains exists. Finally, awareness of potentially differential mechanical 
responses to various physical symptom locations will aid in the management and 
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identification of repetitive strain occupational injuries, which are largely similar to those 
presented by instrumental musicians.41 
Rehabilitative 
As in the occupational domain, the most substantial benefit to the rehabilitative 
domain will likely come from applications of the predictive fatigue model presented in 
Chapter 5. Given that this model is the result of a meta-analysis data from 594 healthy adults, 
it represents a pool of ‘normative’ muscle fatigue data primed for immediate use in a 
rehabilitative setting as a marker of normal muscle functioning. Theoretically, through a 
recording of EMG from a sustained, constant force submaximal contraction of affected 
muscles for 30-60 seconds, it can be determined whether the muscle is fatiguing within 
normal parameters established by the predictive model or functioning abnormally. Additional 
study should be done to determine the validity and reliability of this testing in a variety of 
rehabilitative populations, especially given potential limitations of EMG data in symptomatic 
patients. However, the foundation provided by the predictive fatigue model allows for 
preliminary identification of abnormal muscle functioning at present.  
 
 
 
Conclusion 
This thesis presents, through investigation of domains related to injury prevention and 
performance enhancement in elite performance populations—warm-up, pain, and fatigue—
foundational research to address evidence gaps across these domains and provide a 
framework for future research. Chapter 2 provides the first comprehensive review of upper 
body warm-ups, establishing that upper body warm-ups for performance enhancement are 
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only evidence supported when high load dynamic warm-up precedes activities requiring 
maximal exertion; no data for upper body warm-ups currently exists. Chapter 3 validates the 
findings of Chapter 2 in the first randomised controlled trial investigation of warm-up effects 
in instrumental musicians: no significant differences in muscle activity or musical 
performance occurred as a result of warm-up, however the warm-ups did induce a decrease in 
perceived exertion. Chapter 4 provides the first data regarding muscle activity and 
biomechanical changes in expert violinists with pain or other physical symptoms; up to this 
point, management of these symptoms has been based upon evidence from anecdote and case 
study. Finally, Chapter 5 presents a comprehensive meta-analytic model of muscle fatigue, 
allowing for immediate applications to activities requiring sustained isometric contractions. 
Data presented in this thesis provides immediate benefit to elite performance, occupational, 
and rehabilitative applications. Future research building upon the findings of this thesis will 
further refine understanding of the specific effects of warm-up, pain, and fatigue in elite 
performers. 
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ANCOVA – analysis of covariance 
 
ANOVA – analysis of variance 
 
DOMS – delayed onset muscle soreness 
 
EMG – electromyography 
 
sEMG – surface electromyography 
 
HR – heart rate 
 
MVC – maximum voluntary contraction 
 
PAP – postactivation potentiation 
 
PNF – proprioceptive neuromuscular facilitation 
 
PRMD – playing-related musculoskeletal disorders 
 
RCT – randomised controlled trial 
 
ROM – range of motion 
 
RPE – rating of perceived exertion 
 
SENIAM – Surface Electromyography for the Non-Invasive Assessment of Muscles (research group) 
 
VAS – visual analog scale 
 
V̇O2 – rate of oxygen consumption 
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